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ABSTRACT
The traditional format of electrophoresis, the slab gel, is quickly being replaced
by capillary and microdevice platforms, which offer improvements in cost, resolution,
speed, quantitation and automation in genetic analyses. These techniques also employ
a variety of separation matrices while the slab gel is limited to agarose and
polyacrylamide. The research presented here explores the use of these electrophoretic
formats for the detection of single nucleotide mutations using two genetic models
associated with human disease.
Slab gel based heteroduplex analysis (HDA), a popular mutation scanning
method, uses a specially designed universal heteroduplex generator (UHG) containing
controlled variation to enhance the subtle conformational differences caused by singlebase substitutions that are difficult to discriminate. Here, the slab gel based HDA-UHG
method has been modified to capillary and microdevice formats for the quantitative and
reproducible analysis of single-base substitutions in rpoB that give rise to the rifampinresistant phenotype of Mycobacterium tuberculosis.

The capillary method reduced

analysis time from 2.5 hours to approximately 30 minutes. The microdevice further
reduced analysis time to 6 minutes while maintaining efficiency and resolution. Both
capillary and microdevice methods employed methyl cellulose as the sieving matrix at
0.3% and 0.75% (w/v) concentrations, respectively.
In colorectal cancer, base substitutions in the K-ras gene occur early in
development, are preserved throughout the course of tumor progression and thus, can
be used as biomarkers for the diagnosis of early, curable tumors. The current detection
scheme uses slab gel electrophoresis and a mutation specific method, multiplexed

xv

polymerase chain reaction/ligase detection reaction, to identify all 19 possible singlebase substitution mutations at codons 12, 13 and 61. This technique was also adapted
and optimized to the capillary and microdevice formats. This study evaluated capillary
methods employing both cross-linked as well as entangled polymer matrices. The
capillary methods ranged from 30 to 45 minutes in analysis time. The cross-linked
capillary exhibited increased deterioration at longer electrokinetic injection times, while
severe injection biases were observed in the entangled polymers evaluated. Initial
microdevice experiments were possible in approximately 5 minutes using the entangled
polymer matrices and have great potential in microdevice analysis for such mutations .
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INTRODUCTION
THE HUMAN GENOME PROJECT AND GENETIC DISEASE
The Human Genome Project began formally in 1990 as a 15-year effort
coordinated by the U.S. Department of Energy and the National Institutes of Health. The
stated goals of the project include identification of the approximate 36,000 genes and
three billion base pairs that comprise the human genome.

The project also funds

innovative research in biotechnology and fosters the development of new medical
applications.

Together, these goals have the potential to produce a vast body of

knowledge and comprehensive understanding of DNA variation among individuals and
revolutionary methods for the diagnosis, treatment and prevention of disorders and
diseases.

This promise holds considerable implications for medical advances and

improved health care.

ELECTROPHORESIS OF DNA
Electrophoresis is the primary tool used for most analytical analyses involving
DNA.

The technique has long been an integral part of genetic analyses from

sequencing to locating genes involved in human diseases and developing diagnostic
tests for the presymptomatic disease or carrier state.1

No other chromatographic

method is able to achieve such range and utility for DNA separations.

Using this

technique, DNA molecules are separated based upon their size, almost exclusively,
according to the movement of electrically charged particles in a conductive medium
under the influence of an externally applied electric field.2 This powerful tool can be
used for a broad range of size separations, involving single bases to more than 1000

1

bases of single-stranded DNAs and from a few percent in size for double-stranded
DNAs up to 10 kb. 1
The traditional electrophoretic format, the slab gel, is labor-intensive, timeconsuming, not highly amenable to automation and limited to polyacrylamide and
agarose separation matrices. This format is quickly being replaced by capillary and
microdevice

methods,

which

offer

improvements

in

cost,

resolution,

quantification, automation and variability in the separation matrix used.
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speed,
These

improvements offer significant value for DNA analysis, especially for clinical
applications.

MUTATION DETECTION STRATEGIES
Determining the sequence of the 3 x 109 base pairs in just one human genome is
a daunting challenge for any technology and also may be seen as excessive
considering that more than 90% of the DNA sequence is non-coding and not translated
into protein. Thus, an ideal mutation detection strategy should be able to first extract
the important coding regions of the genome hidden among the non-coding sequences
and then, determine whether alterations occur within that genetic material. Toward this
end, several mutation detection strategies have been developed, which are categorized
as mutation scanning or mutation specific and based upon three major techniques –
hybridization; polymerase chain reaction (PCR) and other related amplification
schemes; and DNA mapping. In hybridization, a specific DNA sequence is used to
identify its complement.

In amplification themes, short DNA fragments of known

sequence are used to prime the synthesis of DNA where the sequence need not be

2

known in advance. DNA maps are low-resolution structures of chromosome or DNA
molecules that fall short of the ultimate detail of the full DNA sequence.

RESEARCH FOCUS
The research presented in this dissertation demonstrates the capillary and
microdevice formats as improved electrophoretic techniques for mutation detection.
Concept-proof is provided through the development of capillary and microdevice
methods for pre-existing slab gel based analyses using two genetic models. In one
application, heteroduplex assay (HDA), a mutation scanning method based upon
hybridization, is used to identify various mutations in the 193 base pair rifampin
resistance-determining region (RRDR) of the rpoB gene of Mycobacterium tuberculosis.
These mutations are associated with resistance to rifampin, an important antibiotic and
bactericide used in multi-drug therapies for tuberculosis, a worldwide epidemic.

In

another application, polymerase chain reaction based ligase detection reaction (PCRLDR), a mutation specific method based upon an amplification technique, is used to
detect specific mutations in codons 12 and 13 of the human K-ras gene.

These

alterations serve as biochemical markers for early detection of colorectal cancer and
increased survival rates.
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CHAPTER 1 – ELECTROPHORESIS OF DNA
THEORY OF ELECTROPHORESIS
Introduction
Chromatography and Electrophoresis
Various analytical techniques are available for the separation of a mixture into its
individual components. Common techniques, such as gas and liquid chromatography,
employ a gas or liquid mobile phase and rely upon selective partitioning of sample
components with a stationary phase, typically a polymeric coating or a liquid. As the
mobile phase transports the sample across the stationary phase, the differential
affinities of the components for the stationary phase cause separation into discrete
zones. The theoretical explanations for the partitioning or separating phenomenon for
the various techniques include complex intermolecular forces involving mechanical,
physical or chemical processes that are responsible for the differential distribution.
Electrophoresis, an alternative separation method, is used to separate charged
particles in a conductive medium using an externally applied electric field.

In this

method, an external electric field is applied to a sample causing positively charged
cations to migrate toward the negatively charged electrode, or cathode, and negatively
charged anions to migrate toward the positively charged anode.

In this manner,

compounds move toward the anode or cathode under the influence of the electric field.
In the absence of any other influences, all compounds will travel through the electrolyte
buffer as discrete zones, or bands, based on differences in solute mobility. When online detection is used, the response of the detector is reported as a function of time and
is referred to as an electropherogram, which can be quantitatively analyzed using
standard chromatographic methods.
6

ELECTROPHORETIC FORMATS
Electrophoresis may be used in one of three formats: the slab gel, the capillary,
or the microdevice.

The slab gel format, traditionally used for the separation of

biological macromolecules, employs a thin slab of chemically cross-linked gel.

The

capillary format utilizes a narrow inner diameter tube that provides the mechanical
stability for low viscosity matrices that can be used as molecular sieves for biological
applications, while the microdevice format consists of a separation channel embedded
in a glass or polymer substrate.

These formats will be discussed in detail, with

emphasis on the application of the capillary and microdevice formats for DNA
separations and their development from the traditional slab gel method.
DNA Separations
Electrophoresis has long been used for the separation of DNA, deoxyribonucleic
acid, which will be briefly discussed here but in further detail in Chapter 2. DNA is a
biological polymer, the monomer unit of which is referred to as a nucleotide that
consists of a sugar molecule, a phosphate group and one of four nitrogenous bases:
adenine (A), thymine (T), cytosine (C) and guanine (G). These bases are connected in
a polymeric single strand of DNA (ssDNA) along a sugar-phosphate backbone. A
double stranded DNA (dsDNA) molecule consists of two ssDNA molecules tightly
wrapped around each other to form a ladder in the shape of a helix. The sides of the
ladder are made of the sugar and phosphate backbone while the rungs of the ladder
consist of DNA bases from opposite ssDNA molecules connected by hydrogen bonding.
According to strict Watson-Crick base pairing rules, A always pairs with T and C always
pairs with G. The particular order of the bases in a sequence of DNA specifies the
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exact genetic instructions necessary to create a particular organism with its own
characteristics, as will be further elaborated upon in Chapter 2.
In DNA fragments, each nucleotide base carries a constant net negative charge
on the phosphate group (pH > 5) and has the same relative size, which results in a
constant charge-to-size ratio regardless of the size of the DNA fragment.

Thus, a

sieving medium is used to retard the fragments according to their size and conformation
relative to the pore size of the matrix. This medium is a nonconductive support matrix
immersed in a conductive aqueous buffer and can range from chemical gels in which
polymer strands are covalently cross-linked, such as agarose and polyacrylamide, to
physical gels, or entangled polymer solutions, using cellulose derivatives, naturally
occurring sugars and other polymers as will be discussed as it applies to the slab gel,
capillary and microdevice formats.
Analytical Parameters
Velocity and Electrophoretic Mobility
In the simplest mode of electrophoresis, free solution or zone electrophoresis,
the buffer solution consists solely of an electrolyte solution. Compounds are separated
purely on differences in the electrophoretic velocity of analytes due to their charge-tosize ratios. The velocity of an ion can be given by the following equation:
v=

e

(1.28),

E

where v is the ion velocity (cm/s), E is the applied electric field (V/cm), a function of the
applied voltage and capillary length, and µe is the characteristic electrophoretic mobility
for the ion (cm2 /V s), which is determined by the electric force that the ion experiences
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countered by the frictional drag through the medium. The electric force, FE , is given by
the equation;
FE = qE

(1.29),

and the frictional force, FF , for a spherical ion is described by the equation:
FF = − 6πηrv (1.30),
where

q

is

the

ion

η

charge,

(N· s/cm2) and r is the ion radius (cm).

is

the

solution

viscosity

During electrophoresis, a steady state is

attained where the frictional force and the electric force are equal but opposite and the
following condition is true:
qE = 6πηrv

(1.31).

This equation can be rearranged to solve for the mobility of a molecule in terms
of its physical parameters and written as:
µe =

q
6πηr

(1.32).

If the translational friction coefficient (equal to 6πηr ) in (1.5) is replaced by the
proportionality constant, f, the following equation is obtained:
µe =

q
f

(1.33).

This equation describes the mobility of an analyte in terms of its charge (q) and
the frictional coefficient (f). From this equation, it is noted that small, highly charged
ions have higher mobilities than large, minimally charged species. For a DNA molecule,
the total net charge on the molecule is directly proportional to it size, and therefore,
q≈N

(1.34),
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where N is the number of base pairs in the DNA chain. DNA exists as a free
draining coil and its units contribute equally to the overall drag of the chain:
f ≈N

(1.35).

Substitution of equations 1.7 and 1.8 into equation 1.6, provides a situation
where the electrophoretic mobility is no longer a function of molecular size:
µe =

q N
≈
=N0
f
N

(1.36),

and is instead constant with changes in N. Thus, free solution electrophoretic
separations are impossible because the charge and frictional drag are proportional to
molecular size. This illustrates the need of a sieving matrix for DNA separations using
electrophoresis.
Dispersion and Band Broadening
The difference necessary to resolve two zones or bands is dependent upon the
length of the solute zones, which is in turn dependent upon the dispersion processes
that act on those bands. If dispersion occurs, band broadening results in which the
bands blend together and can become indistinct from each other.

Such dispersion

processes include: longitudinal molecular diffusion, thermal or convective diffusion, nonspecific interactions, sample plug injection length, mismatched conductivities and
siphoning, as will be described here and discussed in further detail as they apply to the
various electrophoretic formats.
Dispersion can be described as the total variance within the system, σ2T, which is
given by the sum of the contributing factors:
2
2
2
σT2 = σ DIF
+ σTEMP
+ σ INJ
+ σ 2ADS + σ 2DET + ...
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(1.37),

where the subscripts refer to diffusion, temperature gradients, injection, adsorption and
detection, respectively.

If any of these dispersion processes dominate over σ 2DIF ,

theoretical limits of efficiency cannot be obtained. For example, dispersion due to
interaction of the solute with the capillary walls is evident in an electropherogram in the
form of severe tailing of peaks. Also, solutes with higher conductivities than the running
buffer result in fronting, while solutes with lower conductivities result in tailing. Sample
overload may also cause band broadening; injection lengths should be less than the
diffusion-controlled length zone.

Furthermore, siphoning may result from unleveled

buffer reservoirs and create a laminar flow profile, again resulting in band broadening.
In an ideal system, all dispersion processes are negligible and diffusion
dominates as the main dispersion process.

Longitudinal diffusion of the analyte in

solution occurs in the direction parallel to the direction of sample migration while radial
diffusion may occur perpendicular to the direction of migration; the rates of which are
mainly dependent upon the diffusion coefficient of the molecule. The lower the diffusion
coefficient of the molecule, the less dispersion will take place, which results in narrower
zones. For electrophoretic separations of DNA involving sieving matrices, longitudinal
and radial molecular diffusion do not contribute as much to band broadening as in free
solution separations because the rate at which molecules diffuse in viscous media is
relatively small compared to the rate of diffusion in free solution. Additionally, for large
macromolecules, diffusion is a slow process. Fortunately, these factors reduce diffusion
and permit higher efficiencies to be achieved in capillary gel electrophoresis.
Another factor that does contribute to band broadening during electrophoresis is
thermal or convective diffusion.

Thermal energy, referred to as Joule heating, is
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generated by the passage of electrical current, which warms the solution due to
resistive heating. The magnitude to which the solution warms depends on the power
generated, which in turn is determined by the conductivity of the buffer and the applied
voltage. Significantly elevated temperatures result when the power generation exceeds
the rate of dissipation and leads to convective diffusion and band broadening.

A

temperature gradient extending in the radial direction from the center of the medium
causes molecules in the warmer center to migrate faster than those located near the
walls of the capillary and causes band broadening. In order to maintain narrow sample
zones, it is necessary to minimize the extent of Joule heating and also increase the
dissipation of that heat. In addition to causing band broadening, Joule heating may also
lead to thermal degradation of the sample. The effect of Joule heating and approaches
to minimize convective diffusion will be discussed as it applies to the various
electrophoretic formats.
Consequences of Band Broadening on Efficiency
Overall, dispersion processes result from velocity differences within that zone,
and can be described as the width of the peak at its base, wb . For a Gaussian peak,
wb = 4σ

(1.38),

where σ is the standard deviation of the peak.

The efficiency, N, can then be

expressed as theoretical plates by:
l
N =  
σ 

2

(1.39),

where l is the effective length of the capillary (cm). This term can then be related to the
height equivalent to a theoretical plate (HETP) or H by the following equation:
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H =

l
N

(1.40).

Considering these factors and neglecting any other processes that may occur, efficiency
can be directly related to the molecular diffusion by:
2
σTOT
= 2 Dt =

2 DlL
µeV

(1.41)

where D is the diffusion of the molecule, L is the total length of the capillary (cm) and t is
time. Substituting 1.14 into 1.12 yields the fundamental electrophoretic expression for
plate number:
N=

µeVl µe El
=
2DL
2D

(1.42).

This equation makes evident the importance of higher electric fields (within Joule
heating limits) simply because the solute has less time for diffusion.
Efficiency can also be calculated from an electropherogram as shown in Figure
1.20.

Figure 1.20. Determination of electrophoretic mobility, efficiency and resolution from an
electropherogram.
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The mathematical expression for efficiency is then given as,

 tm
N = 16
 wb





2

(1.43)

where tm is the migration time of the peak and wb is the width of the peak at its base.
This value is then normalized to an effective column length of one meter. Typical
efficiencies achieved using slab gel electrophoresis are on the order of 105 plates/m,
while capillary and microdevice electrophoresis has been reported to achieve 106
plates/m.1
Resolution
Resolution is the measurement of the degree of separation between the target
molecule and other molecules in the sample. Although it is a single parameter, it is the
result of two independent effects, selectivity (the relative difference in the retention of
two peaks) and efficiency.

Resolution between two peaks is determined by the

difference in migration times divided by the average width of the two peaks at the base:
R=

t m 2 − t m1
( wb 1 + wb 2 ) / 2

(1.44).

ELECTROPHORETIC FORMATS
Slab gel electrophoresis
Basics and Operation
Slab gel electrophoresis is the traditional electrophoretic format used to separate
large biomolecules on the basis of their sizes. Typically, several samples are analyzed
on a flat, horizontally or vertically oriented gel containing wells at one end for sample
introduction. The gel is submersed in buffer, sample solutions are placed in the wells as
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shown in Figure 1.21 and voltage is supplied using an external source. The DNA
fragments move toward the positive electrode.
Slab gel electrophoresis mainly employs two polymers as sieving matrices:
agarose or polyacrylamide, which provide mechanical stability and also limit solute
dispersion due to convection and diffusion. Such gels are chosen because they are
chemically inert and are readily formed.

The gel is prepared by pouring a liquid

containing either melted agarose or unpolymerized acrylamide between two glass
plates a few millimeters apart. As the agarose solidifies or the acrylamide polymerizes
into polyacrylamide, a gel matrix is formed consisting of long, tangled chains of polymer.
In the case of polyacrylamide, crosslinking agents are used to chemically bond polymer
chains, as shown in Figure 1.22, which produces smaller pore sizes that are able to
separate small DNA fragments (1 nucleotide to 2 kb).2 Agarose contains pores greater
than those in polyacrylamide gels and is used to separate large DNA fragments (500 bp
to 20 kb).
Typical slab gels range from five to 25 cm in width and length and one to two mm
in thickness. Electric field strengths that can be used are between 100 and 250 V/cm
and analysis times run from a couple of hours to overnight.
Advantages/Disadvantages
The ability to run multiple lanes on a single slab gel simultaneously gives the
technique high parallel processing capacity.

Other advantages are the preparative

capacity of slab gels (sample bands may be excised from a slab gel for further
analysis).
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Figure 1.21. Loading of samples for slab gel electrophoresis.
Although the technique is simple and capable of resolving a broad molecular
weight range of DNA fragments, the technique is time consuming, labor intensive and
non-quantitative when on-line detection is not employed.3,

4

The technique is also

severely limited in efficiency by Joule heating due to poor dissipation of convective
heating.
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Figure 1.22. Formation of polyacrylamide gel.

5

Capillary Electrophoresis
Free solution Capillary Electrophoresis
Electrophoresis in small diameter tubes was first described in the 1980s6-9 and
has since been recognized for its potential to replace slab gel electrophoresis for the
analysis of nucleic acids.10 Capillary electrophoresis is performed using a system similar
to that represented in Figure 1.23. A glass tube, or capillary, is filled with electrolyte or
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run buffer and the ends are submerged in reservoirs containing the same buffer.
Electrodes are also placed in the reservoirs and connected to an external power supply
to generate an electric field across the capillary. In normal electrophoresis, positive
polarity is used where the inlet is positively charged.

Samples are injected onto the

capillary by replacing one buffer reservoir with the sample container and introducing a
small plug of sample onto the capillary either electrokinetically, by applying an electric
field from the sample reservoir to the waste reservoir, or hydrodynamically, by applying
an external pressure to the sample container. After sample injection, the capillary end
is returned to the buffer reservoir and the sample is electrokinetically moved through the
capillary, the sample components separate based upon charge-to-size ratios and
detected at a point near the opposite end of the capillary.
Capillary electrophoresis is typically performed using a small fused silica capillary
with 25 to 100 µm inner diameter, approximately 375 µm outer diameter, lengths from
20 to 100 cm and applied voltages up to 30 kV resulting in electric field strengths from
100 to 500 V/cm.

Other materials can also be used for capillary electrophoresis,

including poly (methylmethacrylate).11-13 Typical sample volumes range from 5 to 50 nL
with analysis times up to 30 minutes with higher applied field strengths (upwards of 200
V/cm).14
Electroosmotic Flow (EOF)
In bare silica capillaries, bulk movement of the solvent occurs from the positive
electrode toward the negative electrode and is referred to as electroosmotic flow (EOF).
This phenomenon is caused by development of an electrical double layer at the
silica/buffer interface.
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Figure 1.23. Schematic representation of capillary electrophoresis.
Depending upon the pH of the electrolyte, the inner wall of the capillary can have
varying amounts of Si-O- groups present at the surface due to ionization of surface
silanol (Si-OH) groups at pH > 3.

Hydrated cations from the electrolyte buffer

coordinate to the fixed negative charges of the SiO- groups on the capillary surface
(Figure 1.24 a and b) to form a fixed layer of positively charged cations. The cations in
this layer are not sufficiently dense enough to electrically neutralize all of the Si-Ogroups, so a mobile layer of cations also forms. When the voltage is applied across the
capillary, the solvated cations are attracted to the cathode, which causes movement of
the bulk solution in the capillary (Figure 1.24 c).
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Figure 1.24. Generation of electroosmotic flow in glass.15
A plane of shear between the fixed and mobile layers creates a potential
difference between the layers, the zeta potential (ζ), which is determined by the surface
charge of the capillary wall. Since this surface charge is strongly pH dependent, a large
variance in the magnitude of the EOF is observed with small changes in pH as plotted in
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Figure 1.25 (reproduced with permission).16

At high pH, silanol groups are

predominately deprotonated, which causes a significantly higher EOF than that
generated at lower pHs where the silanol groups become protonated.

Figure 1.25.
materials.

Electroosmotic flow dependency upon pH for silica and other capillary

The magnitude of the EOF can be expressed mathematically in terms of velocity
or mobility by:
v EOF = (εζ / η) E

(1.45)

or
µEOF = (εζ / η)

(1.46),

where ε is the dielectric constant (C 2/Joule· cm). This term can be treated in vector
terms in an additive or subtractive nature depending on the direction of the EOF. The
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electrophoretic mobility of a solute in the presence of EOF is termed apparent mobility
µapp and is calculated as:
µapp = µEOF + µe

(1.47).

EOF Control
EOF is usually beneficial in creating a uniform, flat flow profile as opposed to the
laminar flow profiles generated in pressure driven or pumped flows present in
chromatographic techniques.

Laminar flow profiles consist of a parabolic shaped

sample plug in which the components at the center of the capillary move at a faster
velocity than those located near the capillary walls. The difference in these velocities
leads to band broadening.

In the flat flow profile generated by EOF, all solute

molecules in the bulk solution experience the same velocity component caused by the
EOF regardless of cross sectional position in the capillary.

In addition, EOF also

facilitates the movement of all species, regardless of charge, in the same direction.
In the case of DNA analysis, the DNA fragments are negatively charged and
have an electrophoretic mobility toward the anode. In the presence of EOF in bare
silica capillaries, DNA will display an apparent mobility toward the cathode due to the
larger magnitude of the EOF in that direction. Additionally, analyte-wall interactions
may significantly influence separations.17 Thus, the EOF must be eliminated altogether
or significantly reduced, a modification that is typically controlled by chemical
modification of the capillary wall by means of covalent attachment or inclusion of
polymeric additives in the run buffer that serve as a dynamic coating.18 This serves not
only to reduce or eliminate analyte -wall interactions, it also increases elution time and
reproducibility. 17 Depending on the presence of functional groups on the polymer, these
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coatings or additives can be used to increase, decrease, reverse or altogether eliminate
the surface charge to alter the magnitude and direction of the EOF.19
Covalent coatings are possible by chemically bonding a polymer, such as
polyacrylamide or polyvinyl alcohol to the capillary surface.19 Coating fused silica
capillaries typically involves silanizing the hydrated silica surface with an alkoxy or
chloroorganofuntional silane. The polymer layer is covalently bonded to this reagent;
however, these methods suffer degradation and require either regeneration of the
homogeneous coating or entire replacement of the capillary. 20 Alternatively, a neutral
hydrophilic polymer can be used as an additive to the running buffer, which adsorbs to
the capillary wall via hydrophobic interactions and decreases the EOF by shielding
surface charge and increasing viscosity.15 Other matrices such as poly (ethyleneoxide) )
(PEO) and poly N, N-dimethylacrylamide (DMPA) matrices simply require acidification
of the silanol groups before replacement.20
Efficiency in Capillary Electrophoresis
Under ideal conditions, the sole contribution to band broadening in capillary
electrophoresis is longitudinal diffusion. Joule heating is limited; in a round tube, as the
diameter is reduced, there is more electrical resistance, less current generated for a
given voltage and less Joule heating.21 In addition to generating less Joule heating,
narrow capillaries also dissipate heat more quickly due to the resulting increase in the
inner surface area-to-volume ratio of the tube. A larger inner surface area-to-volume
ratio translates into better heat dissipation since there is more area in the tube to
dissipate the heat. Thus, the higher electric field strengths necessary for high efficiency
can be employed in this format.
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DNA Analysis Adaptation from Slab Gel Electrophoresis
Early work reported successful application of crosslinked polyacrylamide and
melted agarose to capillary electrophoresis for the separation of DNAs.22-24 Crosslinked
polyacrylamide gel filled capillaries can be prepared by polymeri zing the acrylamide
monomer in situ

Although these chemical gels provide high resolution of fragments,

covalent bonding to the capillary wall limits the lifetime of the capillary in the event of
bubble formation, polymer degradation or column fouling. On the other hand, physical
gels that contain no crosslinking between polymer strands permit replenishment of the
matrix after each separation and recycling of the capillary. 18, 25, 26 This typically extends
the life of the capillary, prevents cross-contamination of samples and allows the use of
higher separation temperatures.
Low viscosity polymer solutions have been shown to provide high-resolution
separations of dsDNA mixtures.1,

25, 27

Since an entangled mesh requires no specific

cross-linking or gelation, a wide range of polymers may be easily employed for DNA
size separations using electrophoresis.
uncharged.

Polymers must only be water soluble and

The earliest work used non-crosslinked polyacrylamide (0% C

polyacrylamide).22-24

More recent reports utilize dextran, poly(ethylene oxide), poly

(ethylene glycol)28 and glucomannan29 as the sieving medium . A very commonly used
entangled polymer solution is cellulose and its derivatives3, 30 as shown in Figure 1.26.
In these entangled polymer solutions, the size and the concentration of the polymer are
the most important parameters for controlling the migration time and resolution for a
certain size of DNA fragment.3,

30

For example high concentration cellulose derivative

solutions (0.5 to 0.9%) are most efficient for separating small fragments of DNA (50 to
500 bp), an example of which is shown in Figure 1.27. Using these polymer solutions,
24

size differences as small as five to ten base pairs can be resolved. Concentration
ranges for commonly used polymers and their effective dsDNA size ranges are shown
in Table 1.2.31 Although higher concentration solutions yield higher resolution, their
viscosities often complicate loading in the capillary. Conversely, lower concentration
polymer solutions (0.1 to 0.2%) have a slightly lower resolving power but over a wider
range of dsDNA sizes (10,000 to 30,000 bp).

Figure 1.26 Structure of cellulose derivatives.
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Table 1.2. Concentration range for commonly used polymers in entangled polymer
solutions and effective DNA fragment sizes.
Effective DNA size range
of separation (bp)
1 - 100
100 - 300
300 - 1,000
1,000 - 10,000
10,000 - 30,000

Concentration of polymer (%, w/v)
LPA
HEC, HPMC, MC PEG, PEO
8.0 - 12
1.0 - 3.0
6.0 - 8.0
7.0 - 8.0
0.7 - 1.0
3.0 - 6.0
5.0 - 7.0
0.5 - 0.7
2.0 - 3.0
3.0 - 5.0
0.3 - 0.5
0.5 - 2.0
2.0 - 3.0
0.01 - 0.3
---

1353 bp
1078 bp

1600000

RFU

872 bp

610 bp

800000

271/
281 bp
234 bp
194 bp

310 bp

72 bp 118 bp

0
10

12

14

16

Time (min)
Figure 1.27. Representative electropherogram showing the separation of eleven DNA
fragments from a ΦΧ174 Hae III restriction enzyme digest using a 0.5% methyl
cellulose polymer solution.
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Entangled Polymer Solutions
Three topologies have been characterized for entangled polymer solutions: a
“dilute” solution in which the polymer coils are completely separate, a “semidilute”
solution in which the coils overlap and an intermediate region where the coils just begin
to touch and become enmeshed as shown in Figure 1.28.

High-resolution DNA

separations employ “semidilute” polymer concentrations, which are characterized by
polymer entanglement.32 The polymer volume fraction at which the polymer chains
begin to interact with one another, Φ*, is the overlap threshold.

The solution is

considered to be entangled above this concentration and is characterized by an
average mesh size for the network.

Figure 1.28. A) Dilute, B) overlap, and C) semi-dilute entangled polymer solutions.
The point at which a polymer solution is entangled can be determined
experimenta lly by plotting the log of the specific viscosity versus polymer volume
fraction as shown in Figure 1.29 (reproduced with permission).16
linearity occurs at Φ* with the onset of entanglement effects.
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Deviation from

Mathematically, the overlap threshold can be described as the concentration
where the bulk solution concentration is equal to the local concentration inside a single
polymer chain, or:
Φ* ≈ N p−0. 8

(1.48),

where Np is the number of segments in the polymer chain. It should be noted that for
very large values of Np, Φ* is very small.

Figure 1.29. Dependence of specific viscosity of an HEC buffer solutin on HEC volume
fraction. Deviation from linearity occurs at the onset of entanglement effects in this
concentration range.
DNA Migration Mechanisms
Much research has been dedicated to the effects of electrophoretic parameters
on DNA separations in entangled polymer networks and their connections to theoretical
models.33-35 As a result, DNA migration in polymer solutions has been described by
various molecular mechanisms, two well known theories being the reptation model and
the Ogston model.20 In the reptation model, it is assumed that the analyte is one linear
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chain moving in a given network.

In basic reptation, schematically represented in

Figure 1.30, a flexible DNA chain (red line) moves through a polymer network (black
lines) modeled by polymer entanglements that serve as fixed obstacles (solid dots) by
undulatory, snake-like motions that effectively move it forward in the direction of the
electric field.
As such, the DNA mobility decreases with the inverse of its molecular weight but
levels off at a certain value depending upon the electric field. In some conformations,
very long DNAs may become trapped by possibly forming knots around gel fibers and
migration is prohibited.

This explains why the mobility of long DNAs becomes

consistent regardless of molecular weight instead of following an exponential decrease

Figure 1.30. Schematic of a DNA fragment (red line) migrating through a polymer
network (black lines) with fixed obstacles (solid dots) by reptation.
as predicted by the Ogston model, which treats the polymer network as a molecular
sieve.32

In the Ogston model, it is assumed that the matrix consists of a random

network of interconnected pores having an average pore size, ξ. The migrating solute
behaves as an undeformable particle of radius, Rg . Smaller molecules migrate faster
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because they have accessibility to a larger fraction of the available pores, providing the
following expressions:

[

µ = µ0 exp − Cb (Rg + r )
or

2

 1  Rg + r  2 
 
µ = µ0 exp  − π
 4  ξ  

]

(1.49)

(1.50),

where µ is the electrophoretic mobility of the analyte in the matrix, µ0 is its free solution
electrophoretic mobility, C is the concentration of the polymer network, b is a constant
and r is the thickness of the strand. This model does not consider the electric field (E)
and it’s effects on Rg . Therefore, (1.17) and (1.18) are only true as E → 0. Additionally,
a plot of the log of mobility as a function of polymer concentration, a Ferguson plot,
should give a linear relationship; however, for longer DNAs, a significant deviation from
linearity occurs, which supports an Ogston-reptation transition. An example of the
Ferguson plot is shown in Figure 1.31(reproduced with permission)16 for the separation
of a DNA ladder.16 It has also been noted that at higher field strengths the leading end
of the DNA can become completely aligned with the field such that no further field
effects exist as seen in Figure 1.32.35 This phenomenon has been termed high field
saturation, at which point there is no dependence of mobility on DNA length.
Injection Artifacts
One disadvantage of CE involves injection related artifacts encountered during
electrokinetic injection. Hydrodynamic injection is preferred for quantitative work since
the composition of the sample plug introduced to the capillary should be exactly that of
the original sample; however, use of viscous and irreplaceable matrices requires
electrokinetic injection.
30

Figure 1.31. Ferguson plot for sample DNA fragments. (striped ) 118 bp, ( ) 194 bp,
( ) 234 bp, (striped Ä) 281 bp, ( ) 603 bp, ( ) 872, (Ä) 1078, (striped ) 1353.

Figure 1.32. Elongation effect of the electric field. A) Low electric field strength, B)
Moderate electric field strength, C) High electric field strength.
Using electrokinetic injection, consecutive injections from low volume aqueous
samples, such as DNA solutions, result in progressively smaller peak heights with each
injection that may be eliminated by adding a water injection prior to the sample injection.
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Another artifact observed results from the physical shape of the inlet of the capillary. A
non-perpendicular edge results in poor performance, peak distortion and loss in
resolution. Thus, careful capillary cutting is essential in achieving optimum peak shape.
Injection Bias
Injection biases toward high electrophoretic mobility ions and species of high
concentration also occur during sample introduction; smaller fragments and those of
high concentration are loaded onto the capillary in larger quantities than longer, slower
moving fragments or those of low concentration. The transference number (T) provides
a measure of the fraction of the total electric current carried by each species in solution
during the injection process.36 Assuming a sample containing n solutes in free solution,
the transference number of any given DNA fragment during the electrokinetic injection
from free solution into a capillary filled with polymer solution can be calculated as:
TDNA =

C DNA z DNA µDNA
n

∑C z µ
i =1

i

i

(1.51)

i

where Ci is the concentration of an ion (i), zi is the charge on the ith ion, and ì i is the
free solution mobility of the ith ion. Additionally, chloride ions migrate faster than DNA
in free solution, which reduces the loading level of DNA, a difference that should be
enhanced in polymer solutions. The ramifications of this relationship can be particularly
problematic in separations of DNA fragments of low abundance in the presence of salts
and an excess of primers, as in mutation screening applications.
A particular concern when analyzing samples generated using the polymerase
chain reaction (PCR) is the presence of excess primers, phosphates, chloride, template
and di- and deoxynucleotides in sequencing reactions 36 and samples generated by
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other enzymatic processes such as ligase detection reaction, LDR. The presence of
high concentrations of salts has also been shown to deteriorate the polymeric coating
used to suppress the electroosmotic flow. The typical PCR mixture contains ~50 mM
concentrations of alkali cations, which increase the solubility of silica,37 the same Si-OSi bond that typically attaches the polymeric coating to the silica surface.
Consequently, frequent PCR sample analysis can lead to accelerated coating
degradation. Therefore, in most cases, PCR samples are conditioned prior to loading to
extend the lifetime of the capillary
Microdevice Electrophoresis
Development from Capillary Electrophoresis
The

terms

“microdevice”,

“microchip”,

“lab-on-a-chip”

and

“micro-

electromechanical system” all refer to small, versatile, inexpensive and fast devices38
that are being introduced in many areas of chemistry and life science.39

They consist

of microstructures embedded in a glass or polymeric material and vary from the very
simple device consisting of a simple electrophoretic separation channel to the more
complex micro-total analysis systems (µTAS). In this format, electropho retic separation
is performed in a microchannel embedded in glass or plastic substrates with wells that
serve as reagent and sample reservoirs.40 Electrophoretic separation in a short, narrow
channel allows extremely fast separations with resolution comparable to, or better than,
slab gel or capillary electrophoresis.41 The underlying mechanism for DNA separation is
essentially the same as in capillary electrophoresis, thus the separation matrices used
in capillary electrophoresis may also be employed in the microdevice formats.
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Glass Fabrication
Structures can be microfabricated through a variety of processes depending
upon the substrate material. First generation electrophoretic microdevices consisted of
separation channels etched in glass or silicon using standard photolithography and
etching techniques, which are classified as wet or dry etching.42 In either etching
technique, small holes (1 – 2 mm) are drilled through the device to provide access to
the microstructures and serve as vials or wells. The structures are enclosed by bonding
a thin sheet of the same material to the top of the device.
In wet etching techniques, the substrate material is dissolved when exposed to a
chemical solution. A mask is composed of a material that is insoluble in the solution or
etches much slower than the substrate being patterned.

One complication is

encountered when using some single crystal materials, such as silicon, which exhibits
anisotropic etching in certain chemicals, as opposed to isotropic etching as shown in
Figure 1.33. This type of etching is characterized by various etch rates in different
directions in the material. In this case, an etch mask depicting a hole-shaped structure
results in a pyramid shaped hole instead of a hole with rounded sidewalls. On the other
hand, isotropic etching causes undercutting of the mask layer to the same extent as the
depth of the structure.
Dry etching uses reactive ions or a vapor phase etchant to sputter or dissolve the
substrate in three techniques: reactive ion etching (RIE), sputter etching or vapor phase
etching.42 This class of etching provides higher resolution and vertical sidewalls for
deep etching in the substrate.
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Figure 1.33. Wet etching processes and their resulting geometries.43
Glass and silica microdevices are advantageous because the surface chemistry is well
known, inherent electroosmotic properties are useful for microfluidic movement44 and
excellent optical properties permit sensitive detection.45 Ironically, silica and glass also
have the disadvantage of requiring chemical passivation for DNA analyses to suppress
the EOF.

In addition, the nature of wet etching processes produces shallow, elliptical

shaped troughs with low aspect ratios (the ratio of mask undercutting to the etch
depth).42
Polymer Fabrication
Devices with high aspect ratios may be micromachined in polymers such as
polycarbonate (PC), poly (methylmethacrylate) (PMMA) and poly (dimethylsiloxane)
(PDMS). Microfabrication techniques used to produce microchannels in polymer-based
substrates include imprinting and embossing, LIGA (from the German terms for
lithography, electroplating and molding - lithographie, galvanoformung and abformung),
injection molding and laser ablation. These microchannels are then enclosed by a
cover plate of the same material using thermal annealing near the glass transition
temperature of the polymer.

35

Imprinting or embossing is also available for fabrication of microdevices.42 In one
report, plastic microfluidic channels were made from silicon templates at room
temperature under the application of high pressure.46 It had been found that preliminary
fabrication techniques using external heat caused deterioration of the silicon template
due to thermal expansion during cooling.47

Using the modified room temperature

technique, the overall fabrication time per device was reported to be 5 minutes.

A

simple version of this process involves use of small diameter wires pressed into the
polymer substrate.46
Lithography in the context of fabrication is typically the transfer of a pattern to a
photosensitive material using a light source and can be achieved in a variety of methods
using the basic concepts outlined in Figure 1.34. First, a photosensitive material is
solvent bonded to a substrate. A mask containing the pattern to be transferred to the
microdevice is placed on top of the photosensitive material before exposure to a
particular wavelength and dose of radiation. In the next step, the device is exposed to a
solvent developer to remove soluble material. In this process, photonegative materials
will be removed while photopositive materials remain in the final device.
Using this technology, a “mold master,” or metal template can be produced for
imprinting or embossing. In one version of the process, PMMA, a photopositive resist,
is solvent bonded to a stainless steel round and subjected to the lithographic process.
After pattern transfer, nickel is electroplated in the recesses and then planarized using a
fly-cutting technique. The remaining PMMA is removed using a solvent. The final mold
master consists of a stainless steel base containing nickel microstructures on the
surface, which can then be applied with pressure to various polymers near the glass
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transition temperature to literally “stamp out” features. These mold masters may also
be used for injection molding. In this process, melted polymers are applied to the mold
master and allowed to solidify around the microstructures.

Figure 1.34. Lithographic pattern transfer using a positive or negative resist.
Another method available for microfabrication is laser ablation. In one report,
microchannels were “etched” into PMMA using a 248 nm KrF laser operating at low to
moderate fluence levels (up to 1180 mJ/cm2).48 The resulting channels exhibited more
uniformly distributed surface charge than similar devices made using imprinting
techniques.

It was also reported that ablation under different environments (gas
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composition, humidity, etc) produced varying results while surface modification could be
accomplished below ablation levels.49
Advantages of polymer substrates include devices with well-defined geometries;
and low temperatures for thermal annealing and device assembly. Also, the inherent
surface characteristics of various polymers may be exploited for applications while
surface functionality is possible. For example, the neutral charge of PMMA is useful for
DNA separations requiring negligible EOF during electrophoresis; however, versatility
may be imparted using chemical modification.50
Operation
The simplest electrophoretic microdevice is the “twin T” device, containing a
cross-like structure with the horizontal channels slightly offset to define an injection zone
as shown in Figure 1.35. The device is first filled using vacuum or pressure51 with a
chemical or physical polymer as in capillary electrophoresis, then the polymer is
removed from the sample well (A) and replaced with sample. Electrophoretic control is
achieved with a “switch box”, an electronic device that directs the applied voltage for
injection and separation. First, the sample is moved electrokinetically from the sample
well (A) across to waste (B) to fill the injection zone in a volume-defined injection. The
voltage is then applied across the longer channel (from wells C and D) for separation.
A simple separation process involves separation run voltages from 200 to 400 V/cm, up
to 10 cm of separation channel depending upon the separation requirements and a
cross-sectional shape of the channels having a depth of 20 to 45 µm and a top width of
60 to 100 µm depending upon the microfabrication process.45 The injection channel
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junction typically produces a sample plug between 50 µm and 250 µm in length with an
injection volume in the subnanoliter range.

Figure 1.35. “Twin T” microdevice.
Various injection techniques have been utilized on these simple devices. While
the entire device may be filled with the separation matrix, the longer separation channel
alone may be filled with the matrix while the side channels may be filled with buffer. In
this manner, the injection zone is filled by free solution electrophoresis with a plug of
sample containing an even distribution of the sample population. When the sample
channel is filled with the sieving matrix it is possible to fill the injection zone only with the
smaller, higher mobility fragments in the sample. Additionally, wells (C) and (D) may be
left floating (floating injection) or grounded (pinched injection) when a positive voltage is
applied to the waste reservoir during injection.52 When pinched injection is employed,
longer injection times are required due to the movement of species from all channels
instead of the preferential movement of species from the sample well (A) found in
floating injection.
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Applications
To date, microdevices have been used as the separation platform in a variety of
genetic analyses including simple sizing of PCR products to more demanding
applications such as restriction digest analysis,53 and heteroduplex analysis alone,54
and also combined with allele specific PCR amplification.55 These analyses have been
performed in a fraction of the time compared to capillary electrophoresis. For example,
microdevice analysis in 160 seconds on a 4 cm “Twin T” device has been reported for
the same analysis requiring 16 minutes on a 30 cm capillary.56 High throughput is
further enhanced using integrated devices in parallel and by economizing on chip area
in spiral layouts57 , folded channels 58 and radial designs 59 for multiplexing.
While faster analysis is a major advantage of microdevice electrophoresis, better
automation during sample preparation may be possible using modular and integrated
designs and has the potential to revolutionize clinical diagnostics. Attempts to integrate
several of the sample preparation analysis steps has led to a new analytical field termed
“µTAS” – micro Total Analysis Systems.41 Components may include synthesis, sample
preparation (i.e. cell lysis, sample purification, PCR amplification, etc.), mixing and
analysis. For example, researchers have been able to perform ultra fast PCR with and
subsequent analysis of the product on a single microdevice.53,

60, 61

Other researchers

claim cell lysis, PCR amplification and electrophoretic sizing on a single device.62
Advantages
Microdevices offer many potential advantages over capillary and slab gel
electrophoresis.

These advantages include low volume requirements, enhanced

performance, automation and modular and parallel formats and improved efficiency,
ease of use, non-biased, volume based injections and cost.42
40

The low volume requirements of microdevices translates into reduced
consumption of reagents and samples (and consequently, reduced cost), better control
of ultra small volumes and increased surface-to-volume ratios. These devices boast
integrated sample injectors and detectors for zero dead volume and reduced band
broadening compared to other techniques.
Higher run voltages are possible using microdevice electrophoresis, which
improves performance.

During electrophoresis, the bottleneck in dissipating joule

heating occurs at the substrate -to-air interface. Using the capillary format, this interface
is only as far removed from the separation channel as the thickness of the glass wall of
the capillary. Improved heat dissipation is achieved in microdevice electrophoresis by
incorporating more material around the separation channel, which improves heat
dissipation and results in the ability to use higher voltages and thus, faster analysis
times.

An example of millisecond analysis has been published demonstrating the

separation of common fluorophores using free solution electrophoresis.63
Another advantage in microdevice electrophoresis is in sample injection.
Microdevice injections are volume based and not subject to the injection artifacts
observed in capillary electrophoresis.64 This is particularly important for samples that
may be subject to injection biases (such as low abundant mutations) or which contain
high mobility contaminants such as salts and primers (such as PCR products). In a
DNA sequencing application, it was found that microdevice analysis resulting in nearly
constant signal heights and peak areas throughout the analysis while the capillary
analysis resulted in a loss of signal for longer fragments.65 These results imply that
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electrokinetic cross injection in microdevice systems allows for representative loading of
DNA mixtures.
Effect of Short Separation Length on Resolution
Numerous reports of microchip-based DNA separations have been cited here;
however, a comprehensive relationship between device parameters and separation
requirements remains unclear.65 This information is particularly important in evaluating
the potential of microdevices for DNA applications with strict requirements of obtaining
single-base pair resolution, such as sequencing and mutation detection. It is noted that
the scaling of microdevices is limited by the resolution requirement demanded.
Assuming that injection and diffusion are the sole contributors to peak width, the
resolution (Rt) that is theoretically achievable for two adjacent DNA fragments differing
in length by one base pair can be described by the following equation:
Rt =

1 ∆µ
−1
2
L (σinj
+ 2 Dt ) 2
4 µAVG

(1.52)65

where, ∆µ is the difference in the electrophoretic mobilities of the two DNA fragments,
2
ì A V G is their average electrophoretic mobility, L is the effective separation distance, σinj

is the variance of the injected sample plug, D is the longitudinal diffusion coefficient of
the fragments and t is the separation time.

The term (Äì/ì) is a measure for the

selectivity of the separation process, which depends upon the gel type, fragment size
2
and field strength. The term (σinj
+ 2 Dt )

−1

2

expresses the band broadening processes

due to injection and diffusion; which is a function of gel type, fragment size, temperature
and field strength.
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2
If Equation 1.25 is rearranged in the limit of σinj

0, at a constant field the

following relationship is true:
R∝ L

(1. 53).

This is due to the fact that a loss in resolution due to a reduction in separation length
can never be compensated for by resolution gain from reduced diffusion time in short
devices. This is universally true, independent of the sieving matrix used. This theory
was applied to DNA sequencing in short microdevices.65 In a device of 3 cm in length, it
was found that DNA fragments differing by 4 or 7 bases could be separated in fragment
sizes up to 360 and 550 bases, respectively.
Effect of Turns on Resolution
In microdevices that consist of folds or turns, analytes experience a “racetrack”
effect due to variations in distance according to radial position, which induces band
broadening.58 Microchannel turns can produce dramatic skewing of an otherwise flat
sample plug due to locally nonuniform electric fields or fluid velocity. Such skewing is
irreversible due to transverse diffusion, which redistributes species concentrations
across the channel. The effect of channel turns is explained by a calculation of the path
length differences (Äl) introduced by the turns:
∆l = π∆r

(1. 54)65

where Är is the channel width. It is evident in this equation that narrower channels
result in less band broadening. Several geometries have been explored as a means of
minimizing band broadening induced by turns.66 Optimized channel geometries based
on numerical methods for minimizing dispersive spreading induced by turns and
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junctions have been employed as well as techniques utilizing modified surface charge
on one surface of the microchannel to reduce the racetrack effect.49
Sample Leakage
Another concern in the microdevice format is sample leakage during separation
due to diffusion from the sample and waste wells into the separation channel,
particularly when the side channels are filled with buffer and not sieving matrix. This
leakage results in baseline elevation, which can be eliminated using electrophoretic
control and modified geometries. Electrophoretic control applies low voltages or “pull
back voltages” to the sample and waste wells to prevent diffusion of extraneous material
into the separation channel.67 An alteration in device geometry may also be used to
decrease sample leakage. Devices containing narrower channels at the sample and
waste wells with a wider separation channel (“narrow sample channel cross injectors”)
have been shown to reduce bleeding.52 Another example includes the use of longer side
channels, which increases the pressure drop across the channel.

DETECTION METHODS
In Application
A variety of detectors have been reported for electrophoresis.

The slab gel

format has been used with ultraviolet/visible absorbance (UV/vis), radiometric and laserinduced fluorescence (LIF) detection.

Capillary electrophoresis employs these

detection methods as well as mass spectrometry, conductivity, amperometric,
radiometric and refractive index detection.68 Various detection methods for microdevice
electrophoresis are being currently explored also; however, each of these formats has
focused mainly on LIF as for the detection of DNA due to its high sensitivity and lower
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limits of detection inherent from a lower background, which improves signal-to-noise
ratios.
Fluorescence Theory
When a fluorophore absorbs light, several processes occur. First, the fluorophore
is excited to some higher vibration level of S1 or S2. Molecules in condensed phases
generally rapidly relax to the lowest vibration level of S1 in a process known as internal
conversion. Fluorescence is the emission of photons from an electronically excited
singlet state that occurs upon return of electrons to the ground state. In this excited
state, the electrons are paired; the electron in the higher-energy orbital has the opposite
spin orientation as the second electron in the lower orbital.
The absorption and emission of light is illustrated in an energy level schematic
known as the Jablonski diagram. To illustrate the process of fluorescence and how its
parameters are measured, a modified version is shown in Figure 1.36, where h<A
describes the absorption of light and h<F indicates fluorescence. The emissive rate of
the fluorophore is indicated by ∋ and 6 indicates the rate of non-radiative processes.

Figure 1.36. Modified Jablonski diagram.
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Fluorescence Instrumentation
Typical spectroscopic instruments employ five components, including (1) a stable
source of radiation, (2) a transparent sample container, (3) a device that isolates a
restricted region of the spectrum for measurement, (4) a radiation detector, and (5) a
signal processor, which displays the translated signal.14

A typical fluorescence

instrument with the specific components is shown in Figure 1.37, with a computer and
auxiliary electronics used for signal processing and readout.

Figure 1.37. Components of fluorescence instrumentation.
Radiation Source
A radiation source must generate a stable beam of radiation with sufficient power
for easy detection and measurement. In routi ne fluorescence detection, the laser (Light
Amplification by Stimulated Emission of Radiation) is used for its high intensities, narrow
bandwidths and coherent output. As a consequence of the light-amplification process,
lasers produce spatially narrow, extremely intense beams of radiation, the spectral
range consisting of a few hundredths of a micrometer.
Sample Container
The sample container in electrophoretic techniques is incorporated in the format;
detection is made through the substrate encasing the separation matrix. In slab and
capillary formats, the glass plate or capillary provides an optically pure sample
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container. (A window can be made in the polyimide coating of fused silica capillaries by
burning or scraping off a small section of the outer coating of the capillary.)

In

microdevice formats employing polymeric substrates, care must be taken in choosing a
material with low autofluorescence at the desired detection wavelength. Using on-line
detection in this manner eliminates band broadening due to high volume connectors
that can cause component mixing and band broadening.
Wavelength Selector
For most spectroscopic analyses, radiation must consist of a limited, narrow,
continuous group of wavelengths.

As such, a narrow bandwidth may potentially

enhance sensitivity, provide selectivity and produce a linear relationship between output
and sample concentration. Ideally, the output from a wavelength selector would be
radiation of a single wavelength; however, none such exists. Two types of wa velength
selectors are filters (absorption or interference) and monochromators, filters being most
often used for fluorescence detection. Interference filters rely on optical interference to
provide narrow bandwidths while absorption filters function by absorbing certain
portions of the spectrum.
Detector
Detection devices are transducers that convert radiant energy to an electrical
signal. The ideal detector would have a constant response over a considerable range
of wavelengths and high sensitivity and signal-to-noise ratio.

In addition, a fast

response time, a minimal output signal in the absence (dark current) of illumination and
a proportional electrical signal to the radiant power are required. Two general types of
detectors exist and respond to photons (photoelectric detectors) or heat.

Photon

detectors used in fluorescence detection include photovoltaic cells, phototubes,
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photomultiplier tubes, photoconductivity detectors and silicon photodiodes.

The

photomultiplier tube (PMT) is commonly used for the measurement of low radiant power
as encountered in DNA analyses. PMTs contain a photoemissive surface as well as
additional surfaces, which emit a cascade of electrons for each photon striking the
photosensitive area. PMTs are highly sensitive to ultraviolet and visible radiation and
exhibit extremely fast response times.
The output from photoelectric devices is processed and displayed using analog
techniques. The average current, potential or conductance associated with the detector
is amplified and recorded.

Advantages may be gained in using digital techniques

wherein electrical pulses produced by individual photons are counted.

Generally,

photon counting devices reject pulses unless they exceed some predetermined
minimum voltage. Such devices are useful since dark current and instrument noise are
often significantly smaller than the signal pulse and are not counted resulting in
improved signal-to-noise ratios.
Commonly used photon counters are referred to as single photon avalanche
diodes (SPADs) or single photon counting modules (SPCMs). Their advantages over
analog signal processing include sensitivity to low radiation levels, improved precision
and lowered sensitivity to voltage and temperature changes.
Both PMTs and SPADs are limited to measuring low-power radiation since
intense light causes irreversible damage to the photosensitive surface. For this reason,
measurements are made in a light-tight compartment.

Also, the sensitivity of the

detector is limited by the dark current emission, thermal emission being a major source.
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DNA Labeling for Laser-Induced Fluorescence
Native fluorescence of DNA at basic pH generates a useful fluorescence signal in
the UV portion of the spectrum ; however, excitation with UV lasers tends to be
problematic.

Thus, LIF detection requires labeling the DNA fragments with a

fluorophore that can absorb visible or near-IR radiation.
Covalent Labeling
Chemical modification of nucleic acids is not straightforward; the nonbasic
amines of adenosine and guanosine are virtually non-reactive with commonly used
amine reactive reagents.69

Additionally, useful reactive groups such as thiols,

carboxylic acids and alcohols are absent or not abundant in natural nucleic acids. As a
consequence, few techniques are available for the direct labeling of DNA.70 Generally,
nucleotides or oligonucleotides are labeled during chemical synthesis, and then
enzymatically converted into labeled nucleic acid polymers or directly used as primers
or hybridization probes.

Fluorescent primers can be used during the polymerase chain

reaction (PCR), which automatically generates a fluorescently labeled dsDNA product.
Intercalation
Fortunately, dsDNAs can be detected using intercalators, or affinity-type ligand
molecules, dyes that bind into the hydrophobic core of dsDNA by inserting themselves
into the nonpolar environment between adjacent DNA bases causing a slight elongation
of the double stranded helix. 71 Because these dyes are positively charged, there are
also electrostatic attractions between the dye molecule and the negatively charged
phosphate backbone of DNA, which decreases the net negative charge of the fragment.
These effects cause decreased electrophoretic mobility of the DNA-ligand complex. 24
These dyes generally have planar aromatic or heteroaromatic rings and fluoresce very
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poorly in aqueous environments but exhibit increased fluorescence upon intercalation.72
Commonly used intercalators include the monomeric dyes, such as ethidium bromide
and YOPRO1 (λex = 488 nm, λem = 520 nm), which bind at a rate of one dye molecule
per five base pairs of DNA depending upon the specific conditions (i.e. dye/polymer
ratio, salt concentration, etc.), as schematically represented in Figure 1.38.24 Ethidium
bromide has been shown to improve the resolution of restriction digest fragments73
while it has also been reported as a complexing agent.24
Dimers of intercalating dyes have been demonstrated to have higher affinities for
dsDNA.72 Due to their structural differences, absorption occurs at different wavelengths
permitting excitation at different laser lines. These dyes also exhibit higher fluorescence
enhancement (fluorescence signal for bound dye versus free dye).

Figure 1.38. Ethidium bromide intercalation into dsDNA.

50

REFERENCES
1.

2.

Owens CV, Davidson YY, Kar S, Soper SA. High resolution separation of DNA
restriction fragments using capillary electrophoresis with near-IR, diode-based,
laser- induced fluorescence detection. Analytical Chemistry 1997;69:1256-1261.
Lodish H, Berk A, Zipursky S, Matsudaira P, Baltimore D, Darnell J. Molecular
Cell Biology. 4th ed. New York: W H Freeman, 2000.

3.

Baba Y, Ishimaru N, Samata K, Tsuhako M. High-resolution Separation of DNA
Restriction Fragments by Capillary Electrophoresis in Cellulose Deriva tive
Solutions. Journal of Chromatography A 1993;653:329-335.

4.

Siles BA, Collier GB, Reeder DJ, May WE. The use of a New Gel Matrix for the
Separation of DNA Fragments: a Comparison Study between Slab Gel
Electrophoresis and Capillary Electrophoresis. Applied and Theoretical
Electrophoresis 1996;6:15-22.

5.

Stryer L. Biochemistry. Third ed. New York: W. H. Freeman, 1988.

6.

Jorgenson J, Lukacs K. Science 1983;53:266-272.

7.

Jorgenson J, Lukacs K. Analytical Chemistry 1981;53:1298-1302.

8.

Grushka E, McCormick R, Kirkland J. Analytical Chemistry 1989;61:241-246.

9.

Mikkers F, Everaerts F, Verheggen T. Journal of Chromatography 1979;169:1120.

10.

Wenz HM, Dailey D, Johnson MD. Development of a High-throughput Capillary
Electrophoresis Protocol for DNA Fragment Analysis. In: Mitchelson KR, Cheng
J, eds. Methods in Molecular Biology, Vol. 163: Capillary Electrophoresis of
Nucleic Acids, Vol 2: Practical Applications of Capillary Electrophoresis. Totowa,
NJ: Humana Press, 2001:3 -17.

11.

Caslavska J, Thormann W. Electrophoretic separations in PMMA capillaries with
uniform and discontinuous buffers. Journal of Microcolumn Separations
2001;13:69-83.

12.

Qi SZ, Lee ML. Polypropylene hollow fibers modified with PMMA for capillary
electrophoresis. Journal of Microcolumn Separations 1998;10:605-609.

13.

Chen SJ, Lee ML. Hydrophilic polymethylmethacrylate hollow fibers for capillary
electrophoresis of biomolecules. Journal of Microcolumn Separations 1997;9:5762.

14.

Skoog DA, Leary JJ. Principles of Instrumental Analysis. 4th ed. Fort Worth:
Harcourt Brace College, 1992.

51

15.

Heiger DN. High Performance Capillary Electrophoresis. France: HewlettPackard, 1992.

16.

Grossman PD, Colburn JC, eds. Capillary Electrophoresis: Theory and Practice.
San Diego: Academic Press, 1992.

17.

Strege M, Lagu A. Separation of DNA Restriction Fragments by Capillary
Electrophoresis using Coated Fused Silica Capillaries. Analytical Chemistry
1991;63:1233-1236.

18.

Gao QF, Yeung ES. High-throughput detection of unknown mutations by using
multiplexed capillary electrophoresis with poly(vinylpyrrolidone) solution.
Analytical Chemistry 2000;72:2499-2506.

19.

Hjerten S. High-Performance Electrophoresis - Elimination of Electroendosmosis
and Solute Adsorption. Journal of Chromatography 1985;347:191-198.

20.

Quesada MA. Replaceable polymers in DNA sequencing by capillary
electrophoresis. Current Opinion in Biotechnology 1997;8:82-93.

21.

Baker DR. Capillary Electrophoresis. New York: John Wiley & Sons, 1995.

22.

Heiger D, Cohen A, Karger B. Journal o f Chromatography 1990;516:33-48.

23.

Guttman A, Wanders B, Cooke N. Analytical Chemistry 1992;64:2348-2351.

24.

Guttman A, Cooke N. Capillary Gel Affinity Electrophoresis of DNA Fragments.
Analytical Chemistry 1991;63:2038-2042.

25.

Chiari M, Melis A. Low viscosity DNA sieving matrices for capillary
electrophoresis. Trac-Trends in Analytical Chemistry 1998;17:623-632.

26.

Pariat YF, Berka J, Heiger DN, Schmitt T, Vilenchik M, Cohen AS, et al.
Separation of DNA Fragments by Capillary Electrophoresis using Replaceable
Linear Polyacrylamide Matrices. Journal of Chromatography A 1993;652:57-66.

27.

Righetti PG, Gelfi C. Non-isocratic capillary electrophoresis for detection of DNA
point mutations. Journal of Chromatography B 1997;697:195-205.

28.

Zhu M, Hansen D, Burd S, Gannon F. Journal of Chromatography 1989;480:311.

29.

Izumi T, Yamaguchi M, Yoneda K, Isobe T, Okuyama T, Shinoda T. Use of
Glucomannan for the Separation of DNA Fragments by Capillary Electrophoresis.
Journal of Chromatography A 1993;652:41-46.

30.

Roed L, Arsky I, Lundanes E, Greibrokk T. Rapid and Reproducible Capillary
Electrophoretic Separations of Double -Stranded DNA Fragments in a Simple
Methyl Cellulosic Sieving System. Chromatographia 1998;47:125-134.

52

31.

Baba Y. Analysis of Disease-causing Genes and DNA-based Drugs by Capillary
Electrophoresis Towards DNA Diagnosis and Gene Therapy for Human
Diseases. Journal of Chromatography B 1996;687:271-302.

32.

Grossman PD, Soane DS. Capillary Electrophoresis of DNA in Entangled
Polymer-Solutions. Journal of Chromatography 1991;559:257-266.

33.

Semenov A, Duke T, Viovy J. Gel Electrophoresis of DNA in Moderate Fields:
the Effect of Fluctuations. Phys Rev E 1995;51:1520-1537.

34.

Mitnik L, Salome L, Viovy JL, Heller C. Systematic Study of Field and
Concentration Effects in Capillary Electrophoresis of DNA in Polymer Solutions.
Journal of Chromatography A 951;710:309-321.

35.

Slater GW, Mayer P, Drouin G. Migration of DNA through gels. In: Karger B,
Hancock W, eds. Methods in Enzymology. San Diego: Academic Press,
1996:272-295.

36.

Salas-Solano O, Ruiz-Martinez MC, Carrilho E, Kotler L, Karger BL. A Sample
Purification Method for Rugged and HIgh-Performance DNA Sequencing by
Capillary Electrophoresis Using Replaceable Polymer Solutions. B. Quantitative
Determination of the Role of Sample Matrix Components on Sequencing
Analysis. Analytical Chemistry 1998;70:1528 -1535.

37.

Dove P. American Journal of Science 1994;294:665-712.

38.

Manz A, Graber N, Widmer H. Sens. Actuators, B 1990;1:244-248.

39.

McGlenne n RC. Miniaturization technologies for molecular diagnostics. Clinical
Chemistry 2001;47:393-402.

40.

Harrison DJ, Fluri K, Seiler K, Fan Z, Effenhauser CS, Manz A. Micromachining a
miniaturized capillary electrophoreis-based Chemical Analysis System. Science
1993;261:895-897.

41.

Kleparnik K, Mueller OM, Foret F. Ultra-Fast DNA Separations using Capillary
Electrophoresis. In: Mitchelson KR, Cheng J, eds. Methods in Molecular Biology,
Vol. 163: Capillary Electrophoresis of Nucleic Acids, Vol 2: Practical Applications
of Capillary Electrophoresis. Totowa, NJ: Humana Press, 2001:19-39.

42.

Soper SA, Ford SM, Qi S, McCarley RL, Kelly K, Murphy MC. Polymeric
microelectromechanical systems. Analytical Chemistry 2000;72:642A-651A.

43.

www.memsnet.org/mems/beginner/etch.html.
Exchange, 2001.

53

Etching

Processes.

MEMS

44.

Polson NA, Hayes MA. Electroosmotic flow control of fluids on a capillary
electrophoresis microdevice using an applied external voltage. Analytical
Chemistry 2000;72:1088-1092.

45.

Schmalzing D, Koutny L, Adourian A, Chisholm D, Matsudaira P, Ehrlich D.
Genotyping by Microdevice Electrophoresis. In: Mitchelson KR, Cheng J, eds.
Methods in Molecular Biology, Vol. 163: Capillary Electrophoresis of Nucleic
Acids, Vol 2: Practical Applications of Capillary Electrophoresis. Totowa, NJ:
Humana Press, 2001:163-173.

46.

Xu JD, Locascio L, Gaitan M, Lee CS. Room-temperature imprinting method for
plastic microchannel fabrication. Analytical Chemistry 2000;72:1930-1933.

47.

Martynova L, Locascio L, Gaitan M, Kramer G, Christiansen R, MacCrehan W.
Analytical Chemistry 1997;69:4783-4789.

48.

Johnson TJ, Waddell EA, Kramer GW, Locascio LE. Chemical mapping of hotembossed and UV-laser- ablated microchannels in poly(methyl methacrylate)
using carboxylate specific fluorescent probes. Applied Surface Science
2001;181:149-159.

49.

Johnson TJ, Ross D, Gaitan M, Locascio LE. Laser modification of preformed
polymer microchannels: Application to reduce band broadening around turns
subject to electrokinetic flow. Analytical C hemistry 2001;73:3656-3661.

50.

Henry AC, Tutt TJ, Galloway M, Davidson YY, McWhorter CS, Soper SA, et al.
Surface modification of poly(methyl methacrylate) used in the fabrication of
microanalytical devices. Analytical Chemistry 2000;72:5331-5337.

51.

Monahan J, Gewirth AA, Nuzzo RG. A method for filling complex polymeric
microfluidic devices and arrays. Analytical Chemistry 2001;73:3193-3197.

52.

Zhang CX, Manz A. Narrow sample channel injectors for capillary electrophoresis
on microchips. Analytical Chemistry 2001;73:2656-2662.

53.

Jacobson SC, Ramsey JM. Integrated microdevice for DNA restriction fragment
analysis. Analytical Chemistry 1996;68:720-723.

54.

Tian HJ, Brody LC, Landers JP. Rapid detection of deletion, insertion, and
substitution mutations via heteroduplex analysis using capillary- and microchipbased electrophoresis. Genome Research 2000;10:1403-1413.

55.

Tian HJ, Brody LC, Fan SJ, Huang ZL, Landers JP. Capillary and microchip
electrophoresis for rapid detection of known mutations by combining allelespecific DNA amplification with heteroduplex analysis. Clinical Chemistry
2001;47:173-185.

54

56.

Munro NJ, Snow K, Kant JA, Landers J. Molecular Diagnostics on
Microfabricated Electrophoretic Devices: From Slab Gel- to Capillary- to
Microchip-based Assays for T- and B-Cell Lymphoproliferative Disorders. Clinical
Chemistry 1999;45:1906-1917.

57.

Culbertson CT, Jacobsen S, Ramsey J. Microdevices for High-efficiency
Separation. Analytical Chemistry 2000;72:5814-5819.

58.

Molho JI, Herr AE, Mosier BP, Santiago JG, Kenny TW, Brennen RA, et al.
Optimization of turn geometries for microchip electrophoresis. Analytical
Chemistry 2001;73:1350-1360.

59.

Khandurina J, McKnight T, Jacobsen S, Waters L, Foote R, Ramsey J.
Integrated System for Rapid PCR-Based DNA Analysis in Microfluidic Devices.
Analytical Chemistry 2000;72:2995-3000.

60.

Giordano BC, Ferrance J, Swedberg S, Huhmer AFR, Landers JP. Polymerase
chain reaction in polymeric microchips: DNA amplification in less than 240
seconds. Analytical Biochemistry 2001;291:124-132.

61.

Waters LC, Jacobson SC, Kroutchinina N, Khandurina J, Foote RS, Ramsey JM.
Multiple sample PCR amplification and electrophoretic analysis on a microchip.
Analytical Chemistry 1998;70:5172-5176.

62.

Waters LC, Jacobson SC, Kroutchinina N, Khandurina J, Foote RS, Ramsey JM.
Microchip device for cell lysis, multiplex PCR amplification, and electrophoretic
sizing. Analytical Chemistry 1998;70:158-162.

63.

Jacobsen S, Culbertson C, Daler J, Ramsey J. Microchip Structures for
Submillisecond Electrophoresis. Analytical Chemistry 1998;70:3476-3480.

64.

Ruiz-Martinez MC, Salas-Solano O, Carrilho E, Kotler L, Karger BL. A Sample
Purification Method for Rugged and HIgh-Performance DNA Sequencing by
Capillary Electrophoresis Using Replaceable Polymer Solutions.
A.
Development of the Cleanup Protocol. Analytical Chemistry 1998;70:1516-1527.

65.

Schmalzing D, Adourian A, Koutny L, Ziaugra L, Masudaira P, Ahrlich D. DNA
Sequencing on Microfabricated Electrophoretic Devices. Analytical Chemistry
1998;70:2303 - 2310.

66.

Griffiths SK, Nilson RH. Low dispersion turns and junctions for microchannel
systems. Analytical Chemistry 2001;73:272-278.

67.

Schmalzing D, Koutny L, Adourian A, Matsudaira P, Ehrlich D. Ultrafast STR
analysis by microchip gel electrophoresis. Proceedings from the 8th International
Symposium on Human Identification: Promega Corp, 1997:112-118.

55

68.

R St. Claire I. Capillary Electrophoresis. Analytical Chemistry 1996;68:569R 586R.

69.

Narayanan S. Concepts, Principles and Applications of Selected Molecular
Biology Techniques in Clinical Biochemistry. Advances in Clinical Chemistry
1992;32:1-38.

70.

Kessler C. In: Kricka LJ, ed. Nonisotopic Probing, Blotting and Sequencing. San
Diego: Academic Press, 1995:41-109.

71.

Figeys D, Arriaga E, Renborg A, Dovichi N. Use of the fluorescent intercalating
dyes POPO-3, YOYO-3 and YOYO-1 for ultrasensitive detection of doublestranded DNA separated by capillary electrophoresis with hydroxyproplymethyl
cellulose and non-cross-linked polyacrylamide. Journal of Chromatography A
1994;669:205-216.

72.

Glazer AN, Rye HS. Stable Dye -DNA Intercalation Complexes as Reagents for
High- Sensitivity Fluorescence Detection. Nature 1992;359:859-861.

73.

Schwartz HE, Ulfelder K, Sunzeri F, Busch M, Brownlee R. Journal of
Chromatography 1991;559.

56

CHAPTER 2 – MUTATION DETECTION STRATEGIES
THE MOLECULAR BASIS OF GENETICS
The nucleus of every organism contains a master code for all cellular structure
and activity for building and maintaining life. This code is referred to as the organism’s
genome and consists of tightly coiled strands of deoxyribonucleic acid (DNA), a
language that consists of only four units referred to as bases. These individual bases
are organized into genes, the basic physical and functional units of heredity, which give
instruc tions for the construction of proteins.

DNA is compressed together with

associated protein molecules and is organized into chromosomes.

The complete

human genome contains roughly three billion base pairs organized into 36,000 genes
distributed

over

23

pairs

of

chromosomes.

(www.nature.com/genomics

and

www.sciencemag.org/content/vol291/issue5507/)
The information stored in DNA is expressed through a complex process, which
can be thought of in terms of a model of information flow, as shown in Figure 2.1 The
first step involves transcription of DNA into three types of RNA molecules, messenger,
transfer and ribosomal RNA (mRNA, tRNA and rRNA, respectively). RNA differs from
DNA in its incorporation of ribose as the sugar unit and the pyrimidine uracil in place of
thymine. mRNA is the product of transcription of a specific gene; tRNA and rRNA assist
during translation of the chemical information in mRNA to the amino acids that make up
proteins.

These processes serve as the basis for the central dogma of molecular

genetics: “DNA makes RNA, which makes proteins.”
DNA Chemistry
The four units of DNA are nitrogenous bases or nucleotides: adenine (A),
thymine (T), cytosine (C) and guanine (G), as shown in Figure 2.2. These monomers
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are connected in a polymeric single strand of DNA (ssDNA) along a sugar-phosphate
backbone. All DNA bases are attached to deoxyribose, a five-carbon sugar molecule.
A base connected to a sugar is referred to as a deoxynucleoside.

A nucleoside

connected to one, two or three phosphate groups is referred to as a deoxynucleoside
monophosphate (dNMP), diphosphate (dNDP) or triphosphate (dNTP), respectively, as
shown in Figure 2.3.

For example, a nucleotide consisting of the base adenine is

referred to as dATP. Each deoxynucleotide link in the DNA chain is connected by
phosphodiester bonds. The phosphate attached to the last carbon of the deoxyribose
sugar of one nucleotide is attached to the third carbon of the sugar of the next
nucleotide, thus forming one strand of nucleotides connected 5’ to 3’. The particular
order of nucleotides in a polymer chain of ssDNA is referred to as the sequence and
specifies the exact genetic instructions required for a particular individual with unique
traits.
A double stranded DNA (dsDNA) molecule consists of two ssDNA molecules
tightly wrapped around each other to form a ladder in the shape of a helix as shown in
Figure 2.4. The sides of the ladder are made of the sugar and phosphate backbone
while the rungs of the ladder consist of DNA bases from opposite ssDNA molecules
connected by hydrogen bonding. A always pairs with T and C always pairs with G, as
shown in Figure 2.5, according to strict Watson-Crick base pairing rules.1
Genes
A generic model of a eukaryotic gene is shown in Figure 2.6.2 Only a small
portion of the gene, coding regions called exons, are transcribed and later translated
into protein. In humans, codons comprise only 10% of the total genome.
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Figure 2.1. A simplified diagram indicating the information flow from DNA to RNA to
protein.
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Figure 2.2. DNA bases.
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Figure 2.3. Nucleotide structure consisting of a base, a sugar molecule and phosphate
groups.

Figure 2.4. DNA bases arranged in a double helix.
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Figure 2.5. Watson-Crick base pairing.
The remainder of the genome consists of noncoding regions referred to as
introns, or intervening sequences. Both exons and introns are transcribed into a large
precursor mRNA; however the introns regions of the initial transcript are excised and
the exons are spliced back together before translation.

Just upstream (in the 5’

direction) of the transcription region is a promoter region containing a TATA box, which
indicates where RNA polymerase binds as part of the initiation complex of transcription.
Farther upstream is the CCAAT box that is someho w involved in the regulation of
transcription.

In many genes, an enhancer is also present that plays a role in

modulating transcription.
The exons of a gene consist of a series of three base sequences referred to as
codons, which indicate which amino acids are necessary to build specific proteins.
During protein translation, each codon is read on the transcribed mRNA and tRNA adds
the corresponding amino acid in a growing polypeptide chain to produce proteins,
functional complex molecules consisting of long polypeptide chains.
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Figure 2.6. General model of the eukaryotic gene.
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Genetic Mutations
The primary goal of the Human Genome Project is to produce a series of maps
of each human chromosome with increasingly finer resolution until all genes in the DNA
sequence are found and their base sequence elucidated. After individual genes are
located and sequenced, the first focus of research is generally to identify genetic
alterations (mutations) that are directly related to human diseases and disorders. These
goals provide information vital in the study of human biology and improved medical
advances.
Modern genetic techniques and DNA technology have greatly expanded the
methods available and the tools for studying genes and locating mutations related to
human diseases and disorders. These techniques include methods for isolating and
manipulating DNA and mutation detection strategies, which will be discussed after a
brief definition of key terms.
Key Terms
Phenotype and Genotype. The phenotype of an organism is its observable
properties while genotype refers to the actual sequence of an organisms DNA.
Mutation. A mutation is any heritable change in the DNA sequence.1 Every
imaginable change is possible and all changes are called mutations, but in the context
of genetics, the word “heritable” must be emphasized. Some changes such as DNA
damage are repaired so the original sequence is maintained. Thus, only a permanent
change in the sequence of DNA constitutes a mutation.
Mutant and wild type. Mutant refers to an organism that is the direct offspring
of a normal member of the species (the wild type) but is different genetically.
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In

bacterial genetics, organisms of the same species that have different properties are
generally referred to as strains or variants.
Allele. Different forms of the same gene are referred to as alleles. They are the
same gene at the same chromosomal location but contain different sequences. Diploid
organisms may have two different alleles of the same gene, one on each homologous
chromosome.
Types of Mutations
As established, any heritable change in the sequence of nucleotides in DNA is a
mutation.

A single base can be changed, deleted or inserted, a large number of

nucleotides may be deleted or inserted, or a large region of DNA can be duplicated or
inverted. A base pair change, also called a base substitution or point mutation, occurs
when one base pair in DNA is changed into another base pair; such as a GC pair
changing into an AT pair. These changes are classified as transitions or transversions.
Transitions occur when a purine or pyrimidine is replaced by another purine or
pyrimidine, respectively. Transversions occur when a purine is replaced by a pyrimidine
and vice versa.

Base pair changes can occur through mistakes in replication

(mispairing), recombination or repair. Mistakes in replication often are the result of
incorporation of the tautomeric forms of the bases, which causes them to pair differently
(shown in Figure 2.7).

The purines and pyrimidines found in DNA can exist in

tautomeric forms; structural isomers differing by a single proton shift in the molecule,
which changes the bonding structure of the molecule.

The biologically important

tautomers are the keto-enol forms of thymine and guanine, and the amino-imino forms
of cytosine and adenine. This occurrence is not comple tely random; some sites (called
hot spots) are much more prone to base pair substitutions than others.
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Figure 2.7. Base-pairing relationships occurring as a result of tautomeric shifts.
Another source of point mutations is incorporation of base analogues, mutagenic
chemicals that may substitute for purines or pyrimidines during nucleic acid synthesis.2
One example is the halogenated derivative of uracil in the number-5 position of the
pyrimidine ring (5-bromouracil or 5-BU). The bromine atom in place of the methyl group
increases the chance that a tautomeric shift will occur. Other mutagenic agents include
sulfur-containing mustard gases. These alkylating agents donate groups such as CH3or CH3-CH2- to amino or keto groups in nucleotides.2
Whether or not a base pair substitution causes a detectable difference in the
phenotype depends on the position of the mutation. A silent mutation is a change in the
region encoding a polypeptide that does not result in an altered protein. Missense
mutations cause one amino acid to be replaced by another. Nonsense mutations are
those that produce one of the nonsense codons, UAA, UAG, or UGA.

Because

nonsense codons are used to signify the end of a gene, these mutations cause
premature termination of protein translation.
Frameshift mutations occur when insertions or deletions are made that are not a
multiple of three in a gene coding for protein. Because codons are three lettered, any
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addition or subtraction that is not a multiple of three will cause a frameshift in the
translation of the remainder of the gene.
Rearrangements are also possible, which affect a large region.

Deletion or

insertion mutations may be very long, removing thousands of base pairs and possibly
many genes or may insert additional material. Deletions constitute a high percentage of
spontaneous mutations and can be caused by recombination.
Sickle Cell Anemia, An Example
As molecular genetics develops the actual mechanisms involved in particular
disorders are being identified and elucidated. The role of genes in disease can be
simply explained using a one gene mutation – one disease approach in which the
phenotype is attributed to a mutation in a single gene. For example, sickle cell anemia
is caused by the change of one nucleotide, a single base substitution.3 In this case, one
base change (A → T in codon 6) results in an amino acid substitution (Glu → Val) in the
β–globin chain. This mutant β-globin forms hemoglobin that precipitates at low oxygen
concentrations, which sickles the red blood cells, causes blockage of the capillaries and
impedes the flow of oxygen to the cells. One mutation alone causes this disorder;
however, other mutations manifest themselves in more severe β-thalassemia. Most
hereditary diseases are not as straightforward in their genetic causation, but they all
share the concept that alterations at the DNA sequence level are directly or indirectly
responsible for the development of the disease and its phenotype. Various diseases,
the related gene and commonly used methods of diagnosis are shown in Table 2.1.4, 5
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Table 2.1. Various DNA diagnosis of human diseases, detection of specific gene
analysis by capillary electrophoresis. RLFP = restriction length polymorphism, SSCP =
single-stranded conformational polymorphism, LDR = ligase detection assay, HDA =
heteroduplex assay, VNTR = variable number tandem repeat.
Disease
Breast Cancer

Alzheimers
Cancer

Colorectal Cancer
Heart disease
Down's
Hepatitis C

Gene
BRCA1
BRCA2
APOE
p53
Ki-ras
N-ras
ERBB2
D2S123
K-ras
APOB
D21S11
HCV

Method
SSCP, HDA
RLFP
RFLP, SSCP, hybridization
SSCP
RFLP
microsatellite
LDR, RLFP
VNTR
Microsatellite
Hybridization

Predisposition and Genetic Screening
In principle, DNA based diagnosis of disease assumes a direct relationship to
genetic mutations as the sole cause.

Although this is true for several thousand

diseases, they do not affect most individuals in a population.3 The genetic diseases that
do affect most individuals are not directly caused by a single mutation in a single gene,
but instead these mutations provide a predisposition to the disease.

Alone, the

mutations could not cause the disease. Other factors, such as genetic, environmental,
or both factors are necessary for the development of the disease. An example of
predisposition is evident in cancer. Cancer is a multistep process determined by the
occurrence of sequential genetic changes in the somatic cells, mutations that are not
heritable.

It has been shown that the fami lial cancer aggregations detected among

cancer patients are due to mutations in cancer-predisposing genes that are transmitted
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from generation to generation. To date, more than 20 genes are associated with cancer
predisposition, which complicates universal screening.6
Genetic screening is the analysis of human DNA, RNA and protein to detect
disease-related mutations and genotypes. Results may be used for the prediction of
disease risks, carrier detection, confirmation of diagnosis and prediction of prognosis;
however, due to the low frequency of most mutations in the populations and the cost
associated with screening, it is prohibitive to implement screening programs across a
large population. In practice, screening is most often implemented for specific groups of
individuals defined by gender, sex, age or other considerations. Thus, a portion of the
Human Genome Project is dedicated to improving the instrumentation and techniques
required to reaching the primary objectives, which will increase the efficiency and costeffectiveness of screening.

TOOLS FOR GENETIC ANALYSIS
DNA Extraction
DNA can be extracted from numerous sources varying from whole cells to
formaldehyde-fixed

paraffin

wax-embedded

human

tissue

samples.

Classical

techniques for DNA extraction are based upon lysing cells with lysozyme, alkali or
detergents.7 Incubation with protease or extraction with phenol or chloroform effectively
removes proteins and other contaminants. The extract is concentrated by precipitation
with ethanol in the presence of sodium or ammonium acetate. More modern techniques
include microwave-based methods and the use of magnetic beads.8
Sample purity is very important in genetic analyses; but more important for
capillary methods than slab gel electrophoresis.9 Salts, proteins and other impurities
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can cause ion depletion in the capillary tip due to transference differences in the
separation medium and the running buffer.
Enzymes
A large library of enzymes is available for manipulating nucleic acids. Enzymes
are biological macromolecules that act as catalysts.

Most enzymes are proteins;

however, certain RNAs, called ribozymes, also have catalytic activity. 10
Certain enzymes referred to as restriction endonucleases, cut dsDNA at certain
recognition sequences.1 These endonucleases are categorized by their subunits and
the ability of the subunits to function separately.

Type II restriction endonucleases

consist of only two subunits, one that methylates DNA and one that cuts the DNA and
can function independently.

This permits the cutting reaction under no special

requirements, unlike Type I and Type III enzymes that only work when the subunits are
complexed as a single unit. Additionally, most Type II enzymes produce staggered
breaks in the dsDNA called sticky ends that can be joined using recombinant DNA
technology to produce a single fragment from individual fragments. These sticky ends
are complementary ssDNA tails that can anneal to other sticky ends of fragments
produced using the same restriction enzyme.
Opposite to restriction enzymes are ligase enzymes, which form covalent
phosphate linkages between two strands of DNA.11

DNA ligase uses either an

adenosine 5’-triphosphate) ATP or nicotinic adenine dinucleotide (NAD) cofactor to
covalently join the adjacent 3’ hydroxyl and 5’ phosphoryl termini of nucleotides that are
perfectly hydrogen bonded to a complementary strand. ATP is the most important
molecule for capturing and transferring free energy in cells. Hydrolysis of each of the
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two high-energy phosphoanhydride bonds in ATP is accompanied by a large free
energy change of – 7 kcal/mol.
The ligation process proceeds in three discrete and reversible steps in forming a
phosphodiester link between two DNA strands that results in elimination of AMP, as
shown in Figure 2.8

å -(lys)-NH2 + AMP-P-N+

å-(lys)-NH2+~AMP + NMN (1)

å-(lys)-NH2+ ~AMP + 5’ P-Oligo2

AMP~P -Oligo2 + å-(lys)-NH2 (2)

Oligo1-3’OH + AMP~P-Oligo 2

Oligo1-P-Oligo2 + AMP (3)

Figure 2.8. Ligation reaction steps. (1) Formation of a high-energy enzyme
intermediate by transfer of the adenosyl group from NAD or ATP to the å–amino group
of a lysine residue; (2) Transfer of the adenosyl group to the 5’ phosphate of one DNA
strand, thus forming an activated pyrophosphate linkage; and (3) Attack of this activated
5’ end by a 3’-hydroxyl group o n the adjacent DNA strand.
Other enzymes, DNA polymerases, play a central role in cell replication of DNA
with high accuracy and are useful tools for common DNA manipulations and analytical
experiments.

All DNA polymerases can extend a primer, a short fragment of DNA

(usually up to ~25 bases), from the 3’ end along a template in the 5’ direction in a
sequence specific manner as shown in Figure 2.9. The process requires template DNA
and all four deoxyribonucleoside triphosphates (dATP, dCTP, dTTP, dGTP), which are
collectively referred to as dNTPs. The manner in which each nucleotide is added to the
growing dsDNA chain is a function of the specificity of DNA polymerase. As shown in
Figure 2.3, the precursor dNTP contains the three phosphate groups attached to the 5’carbon of deoxyribose. As the two terminal phosphates are cleaved during synthesis,
the remaining phosphate attached to the 5’carbon is covalently linked to the 3’-OH
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group of the deoxyribose to which it is added. Each step elongates the dsDNA chain by
1 nucleotide.

Figure 2.9. Polymerase activity.
Polymerase Chain Reaction
The polymerase chain reaction (PCR) is an in vitro method for amplifying specific
DNA sequences using a heat-stable polymerase and primers. These primers are short
ssDNA fragments that are complementary to the (+)-strand at one end of the target
sequence to be amplified and another complementary to the (-)-strand at the other end
of the target sequence. Starting with trace amounts of DNA from any source, PCR
enzymatically and exponentially generates millions of exact copies from only a few
molecules.1 This process occurs through repeated cycles of denaturation of dsDNA,
annealing of primers and extension using the polymerase enzyme at specific
temperatures as shown in Figure 2.10. The DNA is thermally denatured to separate the
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strands and then hybridized to the primers. The primers start the synthesis of DNA over
the target region. The resulting dsDNA is then denatured, hybridized to primers and the
process is repeated until the target sequence has been amplified many times. The
technique is widely used in molecular biology and modified for use in various mutation
detection strategies.
PCR requires a thermostable polymerase that is active at the temperature
required to denature DNA. The enzymes of thermophilic bacteria are generally much
more resistant to heating and are able to survive the high temperatures. The most
commonly used DNA polymerase, Taq polymerase, is extracted from the extreme
thermophile Thermus aquaticus.

MUTATION DETECTION STRATEGIES
The identification and analysis of nucleic acid sequences of diagnostic value in a
wide variety of disease states is advancing rapidly.

In the future, the complete

sequence of the human genome analyzed by appropriate algorithms will make it
possible to identify virtually all human genes, particularly those associated with
disorders or disease states. Because a large number of sequence variations in the
human genome are caused by single base changes, any method used to detect
mutations must be sensitive to single-base substitutions.

Thus, mutation detection

strategies have been geared toward meeting this demanding challenge.
The ideal mutation detection strategy should be:
•

Tailored according to the location and types of mutations being
investigated, since many diseases are associated with more than one
gene;

•

Able to detect low abundant mutations in a majority of wild type sequence,
as is important for early detection of diseases such as cancer;12
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•

Able to detect
components;

•

Low rate of error in diagnosis (considering social implications);

•

Conceptually simple;

•

Amenable to automation; and

•

Quantitative in nature.

mutations

among

contaminants,

such

as

blood

No method meets all these criteria but several technologies are currently available for
detecting mutations. These methods are generally based on one of two methods.13
Physicochemical techniques are based on hybridization or denaturation of a probe
strand with its complementary target. Enzymatic reactions employ specific cleaving,
joining and synthesizing enzymes, which are referred to as endonucleases, ligases,
polymerases, respectively. These methods are used in mutation specific or mutation
scanning schemes for nucleic acid sequence analysis.

A method that is mutation

specific detects mutations that occur at well-characterized sites.

Alternatively, a

mutation scanning method detects any genetic variation in a given region.
Various basic methods will be described here in brief with emphasis on
heteroduplex analysis (a mutation scanning method) and ligase detection reaction (a
mutation specific method), which are both employed in this research using various
genetic applications and several electrophoretic formats. Other methods exist as well
as numerous modifications of those listed here exist; excellent reviews and books are
available for further study.

3, 7, 8, 14, 15 16

For the purpose of discussion of the research

presented in subsequent chapters, the commonly used methods for detection of point
mutations will be considered. Additionally, considering the exhaustive use of slab gel
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electrophoretic analyses in genetic assays, capillary and microdevice applications will
be presented as is relevant to this body of work.
Mutation Scanning Methods
Heteroduplex Analysis
Heteroduplex analysis (HDA) is a simple hybridization-based technique that
depends on the conformation of duplexed DNA in a nondenaturing gel.17,

18

In the

traditional form of this assay using wild type discrimination, a PCR amplified fragment
from a sample containing one or more mutations is annealed to a discriminating DNA
fragment of the same length that contains the wild type sequence as shown in Figure
2.11. Heteroduplex formation can be performed in situ if the sample is heterozygous at
the particular allele of interest.

In this case, both wild type and mutant DNA are

amplified during PCR. The technique was actually developed from what was originally
thought to be a PCR artifact.19 When two homologous mouse genes were amplified
using a single set of primers, two bands were observed as expected due to an 18 bp
deletion in one relative to the other when separated on an agarose gel. Separation on a
polyacrylamide gel produced two additional bands of lower electrophoretic mobility:
heteroduplexes.
If the sample is not heterozygous, a discriminator must be added to the PCR
product generated from the sample for heteroduplex formation to occur. A commonly
used discriminator is a fragment of the same length containing the wild type sequence.
A slight modification of this technique employs a discriminator termed a universal
heteroduplex generator (UHG).18 This method is outlined in detail in Chapter 3.

75

Figure 2.10 PCR process. The red and blue lines represent template DNA. Black lines indicate primers and gray lines
represent product generated through the PCR process.
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During heteroduplex formation, a standard thermocycler is used to thermally
denature the double stranded DNAs (dsDNAs) then slowly cool the resulting ssDNAs to
room temperature. During this process, the PCR product and discriminating fragment
are regenerated as homoduplexes as a result of the single stranded DNAs (ssDNAs)
reannealing to completely complementary ssDNAs of the same origin, i.e. sense strand
(forward direction 5’ to 3’) of the PCR produce annealing to anti-sense strand (forward
direction 3’ to 5’) of the PCR product. Conversely, heteroduplexes are formed when a
ssDNA from one fragment anneals to a ssDNA from the other fragment, i.e. sense
strand of the PCR product to anti-sense strand of the discriminating fragment.
During the heteroduplex process, homoduplexes are generated at larger
concentrations due to their higher thermodynamic stability that results from complete
complementarity between the ssDNAs. Heteroduplexes are formed depending upon
the type of mutation that is present; a “bubble type” heteroduplex results from singlebase mutations while “bulge type” heteroduplexes result from insertions or deletions.17
Bulges within the heteroduplex produce larger structural perturbations compared to the
subtle conformational changes induced by bubbles in the double stranded helix and
thus have significantly retarded mobilities that are somewhat sequence dependent.
Thus, the separation matrix used for electrophoretic sorting of these fragments must be
sensitive to the conformational differences induced by bubbles.
Studies have demonstrated that the HDA technique is insensitive to GC content,
fragment length (between 100 to 600 bp) and the position of the mutation (located in the
center of the fragment as opposed to 50 bases within the 5’ or 3’ end).17 When
compared to the single strand conformation polymorphism (SSCP) technique, HDA was
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found to detect slightly more mutations in a study using a set of known mutations from
four genes.20

In another study, the SSCP, HDA and denaturing gradient gel

electrophoresis (DGGE) techniques were compared. Results found that the HDA was
more sensitive, or able to detect all mutations present, than the SSCP technique.

21

While it was as equally able to detect mutations as the DGGE technique, it was noted
that the HDA was technically the simplest of the three methods.
Single Strand Conformation Polymorphism
The SSCP method is a PCR-based technology for the analysis of DNA
mutations.17 The method is based upon the principle that the electrophoretic mobility of
single-stranded DNA, in non-denaturing conditions, depends not only upon its size, but
also upon its sequence. In this technique, the fragment of interest is amplified using
PCR, denatured using heat and formamide and electrophoresed in a nondenaturing
sieving matrix.

Single stranded DNA in a nondenaturing matrix has a secondary

structure that is determined by intramolecular interactions. The sequence-dependent
folded structure (conformers) affects the mobility of the DNA during electrophoresis
using a nondenaturing matrix.

A DNA molecule containing even a single base

substitution will display a different secondary structure and electrophoretic mobility than
a fragment containing the wild type sequence.
A number of parameters can affect the sensitivity of this technique, including
electrophoretic conditions, the type of base substitution present, the length of the
fragment being investigated, the GC content of the fragment as well as the location of
the mutation along the DNA fragment.17 These factors cumulate in poor reproducibility
in the slab gel format.22
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Figure 2.11. Heteroduplex Assay. The PCR product is represented by the blue and red lines, which indicates the
presence of wild type (red) or mutation containing (blue) sequence, with the possible mutation site indicated in black. The
black oval represents bubbles or bulges that result from a mismatch between the discriminating fragment and the PCR
product.
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SSCP is advantageous in some applications due to its simplicity in theory and
instrumentation required. It also has the disadvantages of: application to a limited DNA
size range (below 250 – 300 bp),22 absence of well-defined theory concerning the
conformation of ssDNAs, less application to DNA with unknown sequence and absence
of universal conditions to detect all mutations.
Restriction Fragment Length Polymorphism
The RFLP analysis is a method for the detection of a DNA mutation that results
from a loss or creation of a site at which a particular enzyme cuts. Recognition sites are
generally 4, 6 or 8 nucleotides in length. DNA carrying a different allelic form will
contain different restriction sites and produce different sizes of fragments when digested
with the appropriate restriction enzyme.

Several hundred restriction enzymes are

commercially available.
RFLP, also referred to as CLFP (cleavase restriction fragment polymorphism),
has been used in the analysis of p53 mutations, the most prevalent genetic alterations
associated with human cancer.23

These mutations contribute to the development,

progression and prognosis of the disease. In one report, RFLP was able to detect 97%
of clone p53 mutations.22 In comparison, SSCP was only able to detect 94% of the
same mutations. The RFLP method was also able to analyze considerably longer DNA
fragments, an important aspect for the analysis of long genomic regions.
Advantages of the technique include less stringent separation requirements as a
RFLP sample has a limited number of peaks compared to a sequencing reaction and
typically does not require single-base resolution. A limitation of the technique is that it is
only able to detect mutations that occur at a restriction enzyme recognition site. Thus,
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RLFP is often used as a screening or confirmation method after the discovery of a
mutation is made using other techniques.
Denaturing Techniques
Denaturing gradient gel electrophoresis (DGGE), temperature gradient gel
electrophoresis (TGGE) and constant denaturing gel electrophoresis are all
hybridization-based techniques that exploit the melting properties of the DNA molecule
as the separation mechanism.16 DNA melting is sensitive to the nucleotide sequence of
the fragment. At the point along some denaturing gradient when the DNA fragment
undergoes partial melting, its electrophoretic mobility will be strongly retarded as a
consequence of the entanglement of the single strands with the sieving matrix. Rather
than melting in a continuous zipper-like manner, most fragments melt in a step like
fashion under specific denaturing conditions.
Thermal or chemical techniques are available for DNA melting.

In DGGE,

separation is performed at a constant temperature but with a gel designed to provide
various degrees of denaturation along its length; however irreproducibility in creating
identical gels complicates use. Typcially employed gradients in DGGE range from 10 –
60% to 40 – 90%, depending on the GC content of the fragment.16
In TGGE, a spatial temperature gradient applied along the gel performs the same
function. This is usually accomplished in the slab gel format by externally applying
different temperatures (typically 55 ºC at the cathode and 70 ºC at the anode) using
heat-dissipating blocks at opposite electrodes and allowing a temperature gradient to
stabilize.16

Samples are then applied at the cathode and allowed to migrate along

progressively higher denaturant values.
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This theory was applied to capillary electrophoresis using a heating device
consisting of capillaries immersed in a layer of high-thermal-conductive paste on an
aluminum heati ng plate.24 Using a large temperature range enabled the coverage of
many mutations in a universal experimental condition that could be applied to many
samples. Additionally it was found that a narrower temperature range was effective in
the capillary format (ÄT = 1 – 1.5 ºC) compared to the slab gel (ÄT = 15 ºC).
This technique requires precise electrophoretic conditions, thermal or chemical
denaturing gradients and injection conditions. It also requires prior knowledge of the
precise melting temperature of the fragment, especially for difficult to resolve nucleotide
conversions.
Mutation Specific Methods
Ligase Detection Reaction
Ligase detection reaction (LDR) is based on an enzymatic reaction for identifying
specific mutations.11 A schematic of the method is shown in Figure 2.12.

In this

technique, a fragment of DNA containing a possible mutation is amplified with primers
outside the region to be probed by LDR primers. The PCR amplifies both wild type and
mutant alleles under standard conditions. After PCR amplification, the polymerase is
thermally inactivated and an aliquot of the PCR amplified product (one to four percent)
is used in the LDR. The dsDNA PCR product is denatured and two LDR primers, a
discriminating primer and a common primer, anneal to their complementary sites on the
ssDNA.

The common primer anneals just upstream to the position of interest and

immediately adjacent to the discriminating primer. The discriminating primer contains a
base on the 5’ end, which is complementary to the target site that characterizes a
particular allele.
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Figure 2.12.
Principle of PCR-coupled LDR. Template fragments are represented by the blue and red lines. Primers
used for PCR and LDR are indicated in black. AA represents the poly A tail used on discriminating primers and the yellow
circle indicates the ligase enzyme.
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A thermostable ligase is then used to specifically link the two primers, which
hybridize with perfect base pairing at the junction. Discriminating primers containing at
least a single-base mismatch at the 5’ end with the target cannot be ligated to the
common primer by the enzyme.

In this manner, if the corresponding allele for a

discriminating primer is present in a sample, an LDR product will be generated from the
ligation of the common primer to the discriminating primer.

The resulting ssDNA

products are then separated electrophoretically on a denaturing gel.
A potential mutation can be discriminated for and identified using the appropriate
primers corresponding to the three possible mutations. The method can be multiplexed
to screen for several point mutations at varied sites spatially, by varying the size (in
base numbers) of the discriminating primers, or spectrally, by labeling with varied
fluorophores. Generation of an LDR product indicates the presence of a mutation while
the length or color of the LDR product designates which mutation is present.
Because the oligonucleotide products from one cycle serve as substrates during
the next cycle, the complementary target is amplified linearly.

This is particularly

important in the diagnosis of low abundant mutations, as is important for early detection
of cancer. In some applications, this assay has been reported to recognize one mutant
DNA in approximately 1000 wild type sequences.25
In the standard LDR assay, an excess of LDR primer over template ensures
efficient hybridization and ligation; however, when combining LDR primers for a
multiplexed assay for detection of all possible mutations in multiple codons,
discriminating and common primers as well as the complementary template strand
compete for hybridization to the target DNA. Thus, the ratio of discriminating primer and
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target DNA must be optimized and sufficient discriminating primer added to generate
LDR signal but not interfere with the LDR product signal. This is a particularly difficult
challenge for capillary methods where injection biases can severely limit loading of
longer DNAs in the presence of high mobility species such as short primers and salts.26
Allele Specific Amplification/ Primer Extension
Allele specific amplification and its slight variant, primer extension, are PCRbased technique for the identification of mutations.3

In allele specific amplification,

potential mutation is probed by using a primer that is complementary to the wild type
sequence at the 3’ end. Primers that contain a one base mismatch at the 3’ end are
inefficient for amplification using the polymerase enzyme.

In this method, two

amplification reactions are set up using either the mutant or normal sequence as one
primer and a second primer common to both reactions. Amplification indicates the
presence or absences of the allele of interest. Mulitiplexed PCR can be exploited to
analyze several alleles at different locations using spatial or spectral discrimination of
the products and an unrelated pair of primers may be incorporated as a control.
Mutation detection by primer extension also uses synthetic oligonucleotides as
primers. The original form of the assay uses a labeled nucleotide complementary to the
DNA sequence immediately 5’ to the potential mutation site.3 The polymerase enzyme
is used to incorporate the complementary labeled base during the PCR process. In this
manner, particular alleles are identified by the incorporation of the labeled nucleotide in
the PCR product. In other forms of the assay, dideoxynucleotides complementary to
the potential mutation, which results in termination of the extension process after one
nucleotide is incorporated.

ddNTPs lack the hydroxy group necessary to form the

phosphodiester bond with the next molecule.
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This method is referred to as

minisequencing when the detection primer is labeled with biotin and immobilized on
solid beads or in wells coated with avidin.
The success of both techniques relies upon proper design of primer and
favorable annealing temperatures during the amplification/extension process, which is
complicated in multiplexed assays. Additionally, polymerase choice is crucial as some
are more efficient at incorporating ddNTPs than others. High template concentrations
have also been shown to compete with the primer for annealing.

REFERENCES
1.

Snyder L, Champness W. Molecular Genetics of Bacteria. Washington, D.C.:
ASM Press, 1997.

2.

Klug WS, Cummings MR. Concepts of Genetics. 5th ed. Upper Saddle River:
Prentice Hall, 1997.

3.

Singh SM, Rodenhiser DI, Ott RN, Jung JH, Ainsworth PJ. Strategies and
Applications of DNA Level Diagnostics in Genetic Disease: Past Experiences
and Future Directions. Biotechnology Annual Review 1996;2:409-437.

4.

Baba Y. Capillary affinity gel electrophoresis: new technique for specific
recognition of DNA sequence and the mutation detection on DNA. Journal of
Biochemical and Biophysical Methods 1999;41:91-101.

5.

Tian HJ, Jaquins -Gerstl A, Munro N, Trucco M, Brody LC, Landers JP. Singlestrand conformation polymorphism analysis by capillary and microchip
electrophoresis: A fast, simple method for detection of common mutations in
BRCA1 and BRCA2. Genomics 2000;63:25-34.

6.

Genuardi M, Caluseriu O, Cordisco E, Rovella R, Neri G. Genetic testing of
Cancer Predisposition. Minerva Biotecnologica 2000;12:24-41.

7.

Narayanan S. Concepts, Principles and Applications of Selected Molecular
Biology Techniques in Clinical Biochemistry. Advances in Clinical Chemistry
1992;32:1-38.

8.

Christopoulos TK. Nucleic acid analysis. Analytical Chemistry 1999;71:425R438R.

9.

Krylov S, Dovichi N. Capillary Electrophoresis for the Analysis of Biopolymers.
Analytical Chemistry 1999;71:425R - 438R.

86

10.

Lodish H, Berk A, Zipursky S, Matsudaira P, Baltimore D, Darnell J. Molecular
Cell Biology. 4th ed. New York: W H Freeman, 2000.

11.

Barany F. The Ligase Chain Reaction in a PCR World. PCR Methods and
Applications: Cold Spring Harbor Laboratory, 1991:5-16.

12.

Wilson VL, Wei Q, Wade KR, Chisa M, Bailey D, Kanstrup CM, et al. Needle-ina-haystack detection and identification of base substitution mutations in human
tissues. Mutation Research-Genomics 1999;406:79-100.

13.

Landergren U, Kaiser R, Caskey CT, Hood L. DNA Diagnostics - molecular
techniques and automation. Science 1988;242:229-237.

14.

Baba Y. Analysis of Disease-causing Ge nes and DNA-based Drugs by Capillary
Electrophoresis Towards DNA Diagnosis and Gene Therapy for Human
Diseases. Journal of Chromatography B 1996;687:271-302.

15.

Bosserhoff AK, Hellerbrand C, Buettner R. Use of capillary electrophoresis for
high throughput screening in biomedical applications. A minireview.
Combinatorial Chemistry & High Throughput Screening 2000;3:455-466.

16.

Righetti PG, Gelfi C. Non-isocratic capillary electrophoresis for detection of DNA
point mutations. Journal of Chromatography B 1997;697:195-205.

17.

Nataraj AJ, Olivos-Glander I, Kusukawa N, W Edward Highsmith J. Single-strand
conformation Polymorphism and Heteroduplex Analysis for Gel-Based Mutation
Detectoin. Electrophoresis 1999;20:1177-1185.

18.

Bidwell J, Wood N, Clay T, Pursall M, Evans J. DNA Heteroduplex Technology.
Advanced Electrophoresis 1994;7:311-351.

19.

Nagamine C, Chan K, Lau Y. American Journal of Human Genetics 1989;45.

20.

Rossetti S, Corra S, Biasi M, Turco A, Pignatti P. Molecular and Cellular Probes
1995;9:195-200.

21.

Henderson B, Wenham P, Ashby J, Blundell G. Clinical Chemistry 1997;43.

22.

O'Connell C, Atha D, Oldenburg M, Tian J, Siebert M, Handrow R, et al.
Detection of p53 gene mutation: Analysis by single-strand conformation
polymorphism and Cleavase fragment length polymorphism. Electrophoresis
1999;20.

23.

Vekcukescu V, El-Deiry W. Clinical Chemistry 1996;42.

24.

Gao QF, Yeung ES. High-throughput detection of unknown mutations by using
multiplexed capillary electrophoresis with poly(vinylpyrrolidone) solution.
Analytical Chemistry 2000;72:2499-2506.

87

25.

Khanna M, Park P, Zirvi M, Cao WG, Picon A, Day J, et al. Multiplex PCR/LDR
for detection of K-ras mutations in primary colon tumors. Oncogene 1999;18:2738.

26.

Salas-Solano O, Ruiz-Martinez MC, Carrilho E, Kotler L, Karger BL. A Sample
Purification Method for Rugged and HIgh-Performance DNA Sequencing by
Capillary Electrophoresis Using Replaceable Polymer Solutions. B. Quantitative
Determination of the Role of Sample Matrix Components on Sequencing
Analysis. Analytical Chemistry 1998;70:1528 -1535.

88

CHAPTER 3 SUSCEPTIBILITY

HETERODUPLEX ANALYSIS

FOR

T UBERCULOSIS DRUG

INTRODUCTION
While the effort of the Human Genome Project provides more information about
human disorders and diseases and opportunities for medical advances, it also demands
new tools and technology. As the number of genes linked to specific diseases grows,
the development of technically simple and cost effective methods to detect genetic
mutations becomes increasingly important. Additionally, the Human Gene Mutation
Database (http://www. uwcm.ac.uk/uwcm/mg/hgmdO.html) reports that more than 90%
of disease-causing mutations in humans are due to micro-lesions such as single -base
substitutions, small deletions and/or insertions rather than gross-lesions (repeat
expansions, complex gene rearrangements, gross insertions and/or deletions).
Therefore, it is vital that mutation detection methods are sensitive to the content of
nucleotide variations at the single-base level.
Heteroduplex Analysis
Heteroduplex analysis (HDA), a popular gel-based mutation scanning method,
relies on the differential mobility of short double-stranded DNA (dsDNA) fragments with
complete sequence complementarity versus dsDNAs containing one or more
mismatches.1 In the traditional form of this assay, a PCR amplified fragment from a
sample potentially containing one or more mutations is mixed with a discriminating DNA
fragment of the same length that contains the wild type sequence. The dsDNA mixture
is thermally denatured and the resulting single-stranded DNAs (ssDNAs) are slowly
cooled to room temperature. During this process, the PCR product and discriminating
fragment are regenerated as homoduplexes as a result of the single stranded DNAs
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(ssDNAs) reannealing to completely complementary ssDNAs of the same origin, i.e.
sense strand of the PCR product annealing to anti-sense strand of the PCR product.
Conversely, heteroduplexes are formed when a ssDNA from one fragment anneals to a
ssDNA from the other fragment, i.e. sense strand of the PCR product to anti-sense
strand of the discriminating fragment.

Homoduplexes are generated at larger

concentrations due to higher thermodynamic stability that results from complete
complementarity. Heteroduplexes are formed depending upon the type of mutation that
is present; a “bubble type” heteroduplex results from single-base mutations while “bulge
type” heteroduplexes result from insertions or deletions.1 Bulges within the heteroduplex
produce larger structural perturbations compared to the subtle conformational changes
induced by bubbles in the double stranded helix and thus have significantly retarded
mobilities that are somewhat sequence dependent.
Capillary Analysis
An early report using HDA and CE described a method that utilized an entangled
polymer matrix under non-denaturing conditions to resolve small conformational
differences created by mismatches in duplexed DNA.2 In some cases, the method was
unable to discriminate between the homo- and heteroduplexes and in no case was it
able to separate all generated fragments.

Ano ther report described the use of a

temperature-gradient during electrophoresis for mutation detection using HDA.3
Various base substitutions were screened in different length fragments by comparison
to their respective reference samples containing wild type sequence. In this variation of
HDA, the lower melting temperature of heteroduplex DNA molecules containing
mismatches relative to homoduplexed molecules was exploited to partially denature the
DNA during the electrophoresis. The approach used a temperature gradient selected to
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cover the entire range of melting temperatures of duplexes containing various
mismatches encountered in the samples for a universal screening method that was able
to detect single base substitutions using a 96-capillary array for high throughput. A third
report explored the use of various matrices, surface coatings and silanizing reagents in
HDA to discriminate between mutations in BRCA1, a breast cancer susceptibility gene
with mutations ranging from a single base-substitution to a 40 base deletion.4 Using
their optimized method, effective mutation discrimination was achieved in less than 10
minutes and optimal performance included hydroxyethyl cellulose (HEC) as the polymer
network with a poly(vinylpyrrolidone) coating covalently coupled to the capillary using
chlorodimethyloctylsilane.
Microdevice Analysis
Several reports have been made on microdevice methods for heteroduplex
analysis. In one report, comparisons were made between capillary and microdevice
analyses.5 A matrix composed of 2.5% hydroxyethyl cellulose (HEC), 10% glycerol and
15% urea was able to discriminate single base insertions and deletions; however, the
HEC composition was increased to 4.5% in order to discriminate a single base
substitution. In a similar report, allele specific DNA amplification was combined with
HDA.6
Universal Heteroduplex Generator
In previous reports, the HDA technique has been used to identify mutations in a
sample in the traditional manner by annealing the gene fragment to a wild type
discriminator.

If the sample is heterozygous at the particular allele of interest,

heteroduplex formation can be performed in situ, in which case, both wild type and
mutant DNA are amplified during PCR.7 Using this wild type discrimination, a single91

base substitution in the sample generates a very slight conformational difference in the
heteroduplex that is typically more difficult to resolve by conventional electrophoretic
methods than an insertion or deletion mutation. Fortunately, high resolution HDA can
be achieved using a universal heteroduplex generator (UHG).1,

7, 8

This synthetic

sequence mimics the genomic DNA sequence but contains controlled nucleotide
substitutions, deletions or insertions at positions that greatly enhance electrophoretic
sorting of single-base substitutions and increases the resolution between homo- and
heteroduplex DNA (see Figure 3.1).
Drug Susceptibility Testing In Tuberculosis
The HDA-UHG technique has been used in a slab gel format for drug
susceptibility testing in tuberculosis (TB).8 The disease, caused by Mycobacterium
tuberculosis (Mtb), is responsible for 2.5 million deaths each year, is the leading cause
of mortality in adults due to an infectious agent and accounts for 26% of all preventable
adult deaths globally. 9, 10 Additionally, the emergence of Mtb strains that are resistant to
anti-mycobacterial drugs such as rifampin and isoniazid increases the cost and difficulty
in treatment and may require a more toxic regimen.11
In particular, resistance to rifampin is associated with missense, insertion, and
deletion mutations in the rifampin resistance-determining region (RRDR) of rpoB, which
encodes the ß-subunit of the DNA-dependent RNA polymerase

12, 13

(see Figure 3.2).

Thus, the UHG was constructed with appropriate deletions and substitutions opposite to
and contiguous with commonly observed mutation sites within the RRDR. The HDAUHG method was able to simultaneously detect Mtb and qualitatively assess
susceptibility to rifampin;

8

unfortunately the slab gel format inherently requires over two

hours of separation time and post staining with ethidium bromide.
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Research Focus
Capillary- and microdevice-based HDA-UHG methods using non-denaturing
conditions for the detection of single -base nucleotide substitutions in the Rif region of
rpoB that give rise to the rifampin-resistant (Rmp-r) phenotype of Mtb were developed
as a modification of the slab gel-based assay designed for detection of Mtb and rifampin
susceptibility testing of Mtb directly from sputum specimens. The effect of intercalating
dyes and UV absorbance versus laser-induced fluorescence (LIF) detection methods
were investigated in the capillary format. Also, various types of entangled polymer
solutions appropriate for the high resolution separation of duplexed DNA were
investigated, including HEC, methyl cellulose (MC) and linear polyacrylamide (LPA) in
the capillary and HPMC and MC in the microdevice in terms of their ability to allow the
rapid separation of heteroduplexes resulting from single-base substitutions in this
application. These parameters can be important for any HDA examining point mutations
enhanced by a generator. Optimized conditions were developed to detect single -base
substitutions

and

achieve
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while
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EXPERIMENTAL DETAILS
Chemicals and Reagents
N, N, N’, N’-tetramethylethylenediamine (TEMED) and (-[(methoxyacryl)oxy]
propyltrimethoxysilane (( -MAPS) were obtained from Amresco (Solon, OH). (-MAPS
was titrated using glacial acetic acid to pH 3.5 before use. Stock solutions of 10× TAE
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Figure 3.1. Schematic representation of PCR-Heteroduplex analysis (HDA) assay for detection of single base
substitutions using a universal heteroduplex generator (UHG).
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Figure 3.2. Genetic Map of the 193-bp base pair fragments of the rpoB of Mtb containing the RRDR (codons 507 to 533)
including primers (underlined sequences), wild type from Mtb H37Rv, mutations found in rifampin resistant strains of Mtb
(mutant) and UHG sequence.
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(400 mM Tris-Acetate, 10 mM EDTA) and TBE (1.0 M Tris, 0.9 M boric acid, 0.01 M
EDTA) were purchased from Life Technologies (Gaithersburg, MD).
The fluorescent intercalating dyes, YOPRO-1 (629 MW) and TOPRO-5 (697
MW), were purchased from Molecular Probes (Eugene, OR) and stored at –20 ºC until
used. MC (88,000 MW) and HEC (250,000 MW) were purchased from Sigma Chemical
Co. (St. Louis, MO). High molecular weight (5M – 6M MW) LPA was purchased from
Polysciences (Warrington, PA).
Mtb samples, preparation and HDA formation.
All samples and the UHG were obtained from the Laboratory Research Branch of
the National Hansen’s Disease Programs at the School of Veterinary Medicine,
Louisiana State University. The samples consisted of pooled PCR products containing
a 193-bp fragment from the RRDR of the rpoB of Mtb that were amplified from different
Rmp-r strains of Mtb (minimum inhibitory concentration > 2 :g/mL rifampin). The PCR
products used in this analysis were either from sputum samples or clinical strains of
Mtb. The Rmp-r strains evaluated included YE14, YE67 and YE68, which contained
single-base mutations that represent approximately 85% of all mutations giving rise to
rifampin resistance in Mtb and other strains giving less frequently observed mutations
(see Table 3.1).13 The PCR product PLN-2 contained a 193-bp fragment of the wild
type rifampin susceptible (Rmp-s) rpoB gene from Mtb H37Rv (ATCC no. 25618;
American Type Culture Collection).14
Initially, the UHG was synthetically prepared (GeneLab, LSU) and PCR-amplified
using the rpo105 and rpo273 primer set to make a double -stranded 181-bp fragment
(see Figure 3.2).

The fragment was cloned into PCR 2.1, a TA cloning vector
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(Invitrogen, San Diego, CA). The stock UHG was amplified from this plasmid by PCR,
quantitated spectrophotometrically at 260-nm, adjusted to 10 :g/mL and stored at –70
ºC until use.
Table 3.1. Mtb samples investigated. The sample names are listed as well as the base
substitution and the resulting amino acid change and codon position.
Sample

Base
Substitutions

Amino Acid
Change

YE14

(TCG T TG)

Ser531Leu

YE67

(GAC G TC)

Asp516Val

YE68

(CAC TAC)

His526Tyr

RR9

(TCG T TG)

Ser522Leu

O29

(CTG C CG)

Leu533Pro

PLN-2

Wild type

Wild type

Compared to the wild type rpoB sequence, the UHG contained four 3-bp
deletions and four 2-bp substitutions, which were strategically placed to enhance
electrophoretic discrimination of the common mutations encountered in Rmp-r Mtb
clinical specimens.
Heteroduplex formation was performed as follows: 25 :L of PCR product was
mixed with an equal volume of UHG, heated to 94 ºC for 5 min and allowed to cool
slowly to room temperature over 30 min using a programmable Techne Genius
thermocycler (Cambridge, MA). The program was used to lower the temperature by 2
ºC every 30 s.

The samples were then maintained at 25 ºC or at –20 ºC until

electrokinetic loading onto the capillary.
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Slab Gel Electrophoresis
Slab

gel

analysis

was

performed

using

NovexTM pre-cast

10%

TBE

polyacrylamide gels from Invitrogen according to procedures previously published.15
The running buffer consisted of 0.6 × TBE and the run voltage was 150 volts for 2.5
hours. DNA fragments were detected in ethidium bromide-stained gels (0.5 :g/mL) by
UV transillumination.
Capillary Gel Electrophoresis
Capillary Coating
Capillaries used for mutation discrimination were pre-coated with LPA and
prepared in advance according to a modified Hjerten method.16 Briefly, 75 :m inner
diameter capillaries were conditioned with 1 M NaOH and 1 M HCl and finally rinsed
with copious amounts of deionized H2 O. The capillaries were then filled with a 1:1
solution of (-MAPS and methanol and allowed to stand overnight at 25 ºC.

The

following day, capillaries were rinsed with H2O and filled with a 4% acrylamide solution
in 1× TBE containing 1 :l/mL of both TEMED and 10% ammonium persulfate. After
filling with the acrylamide solution, the capillaries were allowed to rest horizontally for 30
min at 25 ºC before rinsing with H2O and dried for storage.
Capillaries used for direct comparison to microdevice methods utilized dynamic
coating. In these analyses, 1% poly vinylprylidone (PVP) was added to the entangled
polymer solution.3 Capillaries were first rinsed for 5 minutes each with 1M NaOH and
water before filling with the separation matrix.
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Entangled Polymer Solutions
HEC solutions were made by dissolving the appropriate amount of polymer in 1×
TAE and applying heat and stirring overnight without boiling. The MC solution was
prepared in 1× TBE as described elsewhere.17 Briefly, the polymer was added to
distilled water, which was heated to 75 °C. The solution was then placed on ice and
stirred until clear (approximately 15 min). The appropriate volume of 10× TBE was
added to make a final concentration of 1× TBE. High molecular weight (HMW) LPA
gels were prepared by dissolving the polymer in 1× TBE with thorough mixing at 25 °C
for several hours.

The staining dye was added to the entangled polymer solutions

before filling the capillary. Due to the high viscosity of HMW LPA, the capillary was
filled with the gel under pressure (800 psi) using a pressure vessel that was designed
in-house. The staining dye was added to the anode and cathode reservoir vials, which
contained 1 × TBE buffer.
Electrophoretic Conditions
Unless otherwise stated, the following conditions were used for electrophoresis.
Separations in MC and HEC were performed in an LPA-coated capillary with an
effective capillary length of 50 cm.

Injection conditions were optimized in order to

minimize the injection plug with respect to the length of the capillary to reduce zonal
dispersion. Typically, injections were performed at –5 kV for 60 s and the electric field
strength used during the separation was 125 V/cm. Using LPA as the matrix, the LPAcoated capillary length was 20 cm (effective length) and the electric field strength was
132 V/cm. Samples were injected for 1.5 min at -10 kV. In each case, the matrix was
refilled into the capillary between each run. Electrophoresis was operated in the reverse
polarity mode (negative potential at the injection end of the capillary).
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Instrumentation
Capillary electrophoretic separations with UV detection at 254-nm were
performed on a commercially available capillary-based electrophoresis system,
specifically, the Beckman P/ACE System 5510 (Beckman Instruments, Fullerton, CA).
Data acquisition was performed using the Beckman Gold Chromatographic software.
Separations using LIF detection at 520-nm were performed using the Beckman P/ACE
CE fitted with a LIF module containing an Argon ion laser (ëex = 488 nm) and a 520 nm
emission filter placed in front of the photomultiplier tube.
Microdevice Electrophoresis
Microdevice Fabrication and Device Assembly
The microdevice consisted of a 10 cm separation channel with 0.5 cm side
channels to the sample and waste wells, as shown in Figure 3.3. The microchannel
was hot-embossed in poly (methyl methacrylate) (PMMA) (MSC, Melville, NY) using a
mold master produced by a LIGA process as described elsewhere.18 The final device
was assembled by annealing a PMMA cover plate to the open face of the device at 109
°C in a circulating air oven for 15 min.
Instrumentation
The LIF microdevice detection system was constructed in-house with an epiillumination configuration, as shown in Figure 3.4. The system consisted of a 488 nm
air-cooled, argon ion laser (Omnichrome, Model 532), which was directed using a
multimode fiber optic and a dichroic mirror, then focused using a 16x microscope
objective (Melles Griot) onto the microdevice situated on an X-Y-Z translational stage in
order to position the microchannel with respect to the laser beam. The fluorescence
emission was filtered though a stack of optical filters and focused onto a single photon
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avalanche diode (SPAD, Model SPCM-AQ-141, EG&G Optoelectronics Canada,
Vaudreuil, Canada).

The filter stack consisted of a 520 nm bandpass filter (Oriel,

Stratford, CT) and a 520 nm long-pass filter (Edmund Scientific, Barrington, NJ). The
LIF signals were acquired on a personal computer using a 16-bit counter/timer board
(Model AT-MIO-16XE-50, Na tional Instruments, Austin, TX).

Figure 3.3. Scanning electron micrograph of mold master used to produce 9.5 cm
microchannel in PMMA using hot embossing. Microdevice structures are 20 :m wide
and 80 :m deep.
The high voltage power supply was obtained from Spellman (CZ1000R,
Plainview, NY) and operated in positive polarity mode.

An electronic “switch box”

constructed in-house was used to apply voltages during injection and separation. A
schematic representation of the device is shown in Figure 3.5. The device was able to
control four electrodes during electrophoresis.
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A schematic diagram indicating the

design of the switch box is shown in Figure 3.5. An external voltage supply was
operated manually to apply +5 V or 0 V to the relay to control the injection and
separation modes, respectively.

During injection, channels (A), (C) and (D) are

grounded and 100% of the voltage applied from the high voltage power supply is
applied to channel (B). During separation, 100% of the externally supplied voltage is
applied to (D), (C) is grounded and through a number of resistors in series and in
parallel, 9 and 5% of the high voltage is applied to (A) and (B), respectively. An
adjustable resistor permits adjustment of the pullback voltage at a fixed ratio between
(A) and (B).
During injection, a positive voltage was applied to the waste well (B) (see Figure
3.3) while the sample well (A) was grounded. During separation, a positive voltage was
applied to well (D), (C) was grounded and positive voltages of 15 and 10% of the
voltage applied to well (D) were applied to the sample (A) and waste wells (B),
respectively, to prevent diffusion of extraneous material into the separation channel.
Injection and separation conditions were typically 5 s at 300 V and 1300 V, respectively,
unless otherwise stated.

RESULTS AND DISCUSSION
Titer Experiments
In order to maximize heteroduplex formation, the concentrations of PCR product
and UHG must be optimized. Therefore, a titer or dilution series of PCR products and
UHG was performed.

Gel analysis of titer experiments were performed in which

heteroduplex formation were carried out using 1:2 (one part sample in two parts total
volume), 1:4 and 1:6 dilutions of both PCR product and UHG. It was determined that
1:2 dilutions of both the PCR product and UHG in H2 O were optimal for heteroduplex
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formation as evidenced by clearly visible heteroduplex bands. Dilutions of 1:4 and 1:6
produced errant bands in addition to the primary heteroduplex bands (data not shown).

Figure 3.4. Epi-illumination LIF detection system.
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Figure 3.5. Schematic representation of electronic switch box. Figures are identified in key in lower right hand corner and
as described in text.
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Slab Gel Electrophoresis
The mutations shown in Table 3.1 were evaluated using slab gel electrophoresis
(see Figure 3.6).

Samples were loaded into separate lanes onto a 10% TBE

polyacrylamide slab gel with electrophoretic run voltage of 150 volts for 2.5 hours.
Sample lanes are as follows: Lane 1 – 100 bp ladder (100 bp band not shown), Lane 2
– YE14 (Ser531Leu), Lane 3 – YE67 (Asp516Val), Lane 4 – YE68 (His526Leu), Lane 5
– RR9 (Ser522Leu), Lane 6 – O29 (Leu533Pro), Lane 7 – PLN-2 (wild type).
The utility of this assay is twofold; it simultaneously identifies Mtb apart from
other mycobacterial and bacterial species as well as determines rifampin susceptibility. 8
The presence of Mtb is definitively indicated by a 193-bp homoduplex in the
electropherogram that results from highly specific PCR amplification using primers
specific to Mtb.

Both 181-bp UHG and 193-bp homoduplexes form at higher

concentrations compared to the heteroduplexes because of increased thermodynamic
stability induced by complete sequence complementarity in the homoduplexes.
Rifampin resistance is indicated by heteroduplex profiles, which are due to
various base substitutions in the 193-bp PCR product and distinct from that observed
for known Rmp-s strains (Figure 3.6, Lanes 2-6). The Rmp-s genotype (Figure 3.6,
Lane 7) is not observed in the analysis of mutant strains because these samples were
generated from Rmp-r strains of Mtb only. Acquired resistance typically occurs as a
consequence of poor patient compliance to anti-drug therapy. In this case, the resistant
strain is selected for and the susceptible strain is eventually eliminated. Subsequent
transmission of the resistant strain to another person leads to drug-resistance from the
outset and is known as primary resistance.
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Figure 3.6. Slab Gel Analysis of Mtb mutations, details in text.
Similarities are seen between PLN-2 and YE67 heteroduplex profiles (Figure 3.6,
lanes 7 and 3, respectively).

The YE67 mutant, which contains the Asp516Val

mutation, is generally difficult to discriminate from wild type using the HDA technique in
the slab gel format. The reason for this appears to be that codon 516 is distant from
any deletion or substitution in the generator; therefore, a mutation at this site causes a
one base mismatch that is not enhanced by the generator.

Consequently, this

mismatch makes little conformational difference in either heteroduplex as compared to
those generated by wild type.

Qualitative assessment of RR9 and O29 was also

surprisingly difficult considering the close proximity of deletions or insertions in the
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generator.

However, all mutants were distinguishable from wild type on close

inspection. For discussion purposes, the lower and upper heteroduplex bands have
been designated as HD1 and HD2, respectively.
Capillary Analysis
Dye Staining Effects in HDA-UHG using CE
For the modification of HDA-UHG to the capillary format, we used 1.0% HEC, an
entangled polymer commonly used in fractionating DNA.19-23 We first investigated the
addition of staining dyes (mono-intercalators) to the electrophoresis running buffer and
its effects upon the ability to resolve the single -base differences observed in the
samples containing mutations in rpoB using HDA and capillary electrophoresis.
It has been previously demonstrated that the addition of mono-intercalators can
improve the efficiency and resolution in CE when compared to unstained DNAs24, but
addition of bis-intercalators can degrade separation efficiency due to various binding
motifs.25, 26 In addition, intercalating dyes can result in slight unraveling and elongation
of the duplex, potentially making HDA difficult using electrophoresis. Representative
electropherograms are shown in Figure 3.7 for the YE67 Rmp-r sample analyzed with
no staining, YOPRO1 or TOPRO5 stained double-stranded DNAs.

The YOPRO1-

stained DNA resulted in baseline separation of both the homoduplexes and
heteroduplexes,

while

unstained

DNA

produced

baseline

homoduplexes, but could not resolve the heteroduplexes.

resolution

of

the

Electrophoresis of this

sample using TOPRO5 resulted in comigration of the heteroduplexes and also, the
inability to baseline resolve the homoduplexes. DNA stained with YOPRO1 migrated
slower compared to the unstained DNA and TOPRO5 stained DNA. Since the addition
of the staining dyes neutralizes the negative charge present in the duplexed DNA, as
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well as slightly unraveling the duplex, the slower mobility of the YOPRO1-stained DNA
was indicative of a higher loading level of dye to the duplexed DNA and/or a higher
binding affinity of the stain for the duplexed DNA.24
Comparison of the selectivity values for the homoduplexes between the two
staining dyes and the native DNA indicated no significant differences, which would be
expected since the selectivity is determined primarily by the physical properties of the
sieving matrix (see Table 3.2).

However, the plate numbers were substantially higher

for the YOPRO1-stained DNA, resulting in higher resolution factors for the YOPRO1stained homoduplexes.

In the case of the heteroduplexes, the selectivity values

between the heteroduplexes were significantly larger for the YOPRO1 -stained DNA,
whereas for the unstained and TOPRO5-stained DNA, the heteroduplexes comigrated.
The apparent lower affinity of TOPRO5 for these mismatched duplexes is
surprising, since a Scatchard analysis of the binding constant for fully matched duplexes
using TAG (a structurally similar staining dye to TOPRO5) indicated a comparable
affinity as YOPRO1.24 The additional methine unit in the bridging chain could result in a
lower binding affinity for these mismatched duplexes compared to the shorter dye,
YOPRO1, since both dyes have the same net charge (+2). As such, it is clear that while
staining dyes can improve the electrophoretic resolution in HDA for Mtb samples,
judicious choice in the dye is necessary to augment discrimination of the
heteroduplexed DNA.
Detection Method
While UV detection at 254-nm can be implemented, the detection method suffers
from poor sensitivity due to the short optical path length associated with capillary
electrophoresis. Consequently, LIF detection using intercalating dyes is the method of
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choice in applications requiring low concentrations.26, 27 This is particularly important for
HDA, since the heteroduplexes form at lower concentrations and are typically less
stable thermodynamically than the homoduplexes.

As such, the population of

heteroduplexes can be significantly smaller compared to the homoduplexes.
The YE67 mutation was analyzed with both UV detection at 254-nm and LIF
detection at 520-nm while employing 0.3% MC as the sieving matrix and YOPRO1 as
the staining dye. The resolution and selectivity between the UHG and HD1 (UHG/HD1)
and also between the heteroduplexes (HD1/HD2) were calculated in addition to the
efficiency (plate numbers) of each fragment between the two detection strategies.
While the selectivity between fragments using either detection method remained the
same (1.03 for UHG/HD1), efficiencies were slightly higher using LIF as compared to
UV absorbance (2.23 and 1.15 million plates/m, respectively, for HD1).
This resulted in a slight increase in the resolution between all fragments using
LIF as compared to UV absorbance (6.15 and 4.94, respectively, for UHG/HD1). An
altered heteroduplex profile generally indicated the presence of mutant DNA; however,
increased resolution between homoduplexes permitted increased certainty in the
identification of Mtb while enhanced resolution between heteroduplex fragments leads
to higher confidence in mutation discrimination.
Matrix Comparison
LPA, HEC and MC were next evaluated as potential separation matrices
using LIF detection with YOPRO1 as the intercalating dye and YE67, the most difficult
sample to discriminate, as previously discussed. LPA has been used extensively as a
separation matrix in capillary electrophoresis due to high resolutions achieved,
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Figure 3.7. Sample YE67 analyzed using 1.0% HEC in 1× TAE containing no staining
dye (native), 1 ìM TOPRO5 or 1 ìM YOPRO1 as indicated with UV absorbance
detection at 254-nm. The sample was injected electrokinetically for 15 s at 6.5 kV. The
separation field strength was 119 V/cm and the capillary was maintained at 25 ºC.
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while HEC and MC were chosen for their ease of use because of their lower viscosity
that allows for simple regeneration of the capillary between runs compared to LPAs.28
MC, in particular, was chosen for its ability to achieve high resolution at low
concentrations of the entangled polymer.19
For each matrix, the resolution (R) and selectivity between UHG/HD1 and
HD1/HD2 were calculated along with the efficiency of each fragment and are reported in
Table 3.2. The UHG/HD1 resolution provides quantitative information about the
separation of the homoduplexes from the heteroduplexes with the UHG being chosen
as an internal standard due to its invariable sequence between analyses. Alternatively,
HD1/HD2 resolution values quantitatively describe the separation between the
heteroduplexed peaks and the HDA profile for identifying rifampin resistance or
susceptibility.
Table 3.2. Comparison of the selectivity, efficiency and resolution values obtained for
sample YE67 using 3.0% LPA, 0.3% MC, and 1.0% HEC, conditions as stated under
Experimental Detail.
Selectivity
Efficiency (plates/m) (x10 5)
Resolution
HD1/UHG HD2/HD1 UHG
HD1
HD2 UHG/HD1 HD1/HD2
3.0% LPA 1.1176
1.0088
27.64
9.69
4.95
23.32
1.24
0.3% MC 1.0260
1.0104
16.18
23.51
24.96
6.15
2.76
1.0%HEC 1.0434
1.0162
4.16
8.25
6.12
5.54
2.33
Matrix

The matrix consisting of 3% LPA was able to exploit the conformational
differences in the heteroduplexes compared to the homoduplexes as evidenced by the
pronounced retardation of the heteroduplexes compared to the homoduplexes (R > 20
between UHG/HD1).

However, this also caused decreased loading of the

heteroduplexes onto the capillary due to biases induced by electrokinetic injection,
resulting in lower signals for the heteroduplexes (data not shown). Significantly lower
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efficiencies were observed for the heteroduplexes; however, a poor signal-to-noise ratio
added uncertainty to the determination of these values. Additionally, while use of LPA
as the sieving matrix yielded baseline resolution between all fragments in less than 35
min, the high viscosity of the gel made on-line replacement of the matrix in the
commercial instrument difficult because of the higher pressure required to replace the
matrix.
Using 1.0% HEC, all duplexes were baseline resolved and mutation
discrimination was possible but a longer column length compared to the LPA matrix was
required to achieve comparable resolution (see Figure 3.8). The analysis required 35
mins; however, efficiencies were an order of magnitude lower than those achieved
using 0.3% MC as shown in Table 2. Using MC, the separation achieved efficiencies
greater than 1 x 106 plates/m for all fragments in less than 30 min (see Figure 3.8). This
matrix provided the best efficiency and resolution between heteroduplexes among those
evaluated here, in agreement with previous reports that demonstrated high resolution at
similar concentrations of this polymer.17, 27 Therefore, MC was selected for use in further
analyses.
Mutation Discrimination
Using the established conditions for base substitution detection with HDA-UHG in
a capillary format, all five mutations were analyzed using 0.3% MC with YOPRO1
staining and LIF detection. First, PLN-2 was analyzed in three trials to establish both
reproducibility and wild type parameters to be used for mutation discrimination. The
analysis resulted in a standard deviation of 0.10 in resolution between fragments with
negligible standard deviation in the selectivity between fragments (see Table 3).
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Figure 3.8. Matrix Comparison using 0.3% MC and 1.0 % HEC. Separations were
performed in LPA-coated capillaries with an effective length of 50 cm. 1 ìM YOPRO1
was added to the running buffer. Injections were performed at –5 kV for 60 sand the
electric field strength was 125 V/cm.
Additionally, baseline resolution (R > 1.5) was obtained between all fragments
and efficiencies were greater than 1 x 106 plates/m. Using these data, 95% confidence
limits were calculated for the resolution between the heteroduplexes and also between
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UHG/HD1 (see Table 3.3) for PLN-2 to allow comparison and identification of HDA
mutant profiles.
Each Rmp-r sample containing a single-base substitution was then analyzed.
Resolutions between the heteroduplexes and UHG/HD1 in the Rmp-r samples were at
least one standard deviation above or below the 95% confidence intervals calculated
and therefore, could be classified as containing the Rmp-r genotype.
Additionally, the mutation contained in YE67, which was the most difficult to
qualitatively discriminate using the slab gel format was easily identified here. As in the
slab gel format, similarities were observed in the HD1/HD2 resolution in PLN-2 (2.27 <
R > 2.47) and RR9 (R = 2.49); however, comparison between UHG/HD1 resolutions
established RR9 as an Rmp-r strain. O29, which also showed similarities to PLN-2,
was easily established as Rmp-r here.
Table 3.3. Selectivity, efficiency and resolution values for mutation discrimination using
capillary conditions described in the legend for Figure 3.8 for 0.3% MC.
PLN-2
Trials
AVG
STDEV

Selectivity
HD1/UHG HD2/HD1
1.0241
1.0104
0.0001
0.0000

Efficiency (plates/m) (x 106)
UHG
HD1
HD2
1.68
1.93
1.48

Resolution
UHG/HD1 HD1/HD2
5.64
2.38
0.14
0.09

Lower Limit
Upper Limit
Mutation
YE14
YE67
YE68
RR9
O29

Selectivity
HD1/UHG HD2/HD1
1.0268
1.0097
1.0260
1.0104
1.0251
1.0123
1.0256
1.0119
1.0259
1.0111

Efficiency (plates/m) (x 106)
UHG
HD1
HD2
2.25
2.33
2.42
1.54
2.23
2.37
1.97
2.46
2.48
1.18
1.41
1.40
2.33
2.31
2.41
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95% confidence
5.49
2.28
5.80
2.48

Resolution
UHG/HD1 HD1/HD2
7.08
2.63
6.15
2.76
6.49
3.39
5.07
2.49
6.89
2.98

Microdevice Analysis
Matrix Optimization
For the modification of the HDA-UHG method to the microdevice format, HPMC
and MC were evaluated as potential separation matrices using a size ladder. One µM
YOPRO1and 1% PVP were added to the matrix in order for direct comparison to the
capillary analysis. MC was chosen based on the favorable results obtained from the
capillary ana lysis. HPMC was chosen for its ability to achieve high resolution in other
HDA applications.2 The optimized matrix for the capillary method (0.3% MC) provided
poor resolution in the microdevice format (data not shown); therefore, the polymer
concentration was increased to 0.75%. Increasing the concentration of the entangled
polymer provides smaller pore sizes and increases fractionation of dsDNA in this size
range.22, 23 The sample was injected for 5 s at 930 V and separated using at 1300 V.
As shown in Figure 3. 9 (C), matrix composition was able to compensate for the shorter
effective length of the separation channel (9 cm compared to 50 cm in the capillary) and
achieve near baseline resolution (R = 1.27) for the 271 and 281 base pair fragments,
comparable to that achieved in the capillary analysis using 0.3% MC (R = 1.43) shown
in Figure 3. 9 (A). In this analysis, all channels are filled with the separation matrix and
injection biases are observed because the smaller, higher mobility fragments fill the
injection zone first. Longer injections resulted in equal loading of all fragments but also
caused sample overload and band broadening for the smaller fragments.

Shorter

injections resulted in only fragments up to 310 bp being introduced into the injection
zone. A matrix composed of 1.5% HPMC was also able to resolve the 271 and 281
base pair fragments (R = 1.45), but at a longer analysis time. Due to the high viscosity
of this matrix, the sample was injected for 10 s at 360 V and separated at 533 V and
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also resulted in more severe injection biases.

Both matrices evaluated for the

microdevice format provided efficiencies of better than 1 x106 plates/m despite turns in
the microchannel which have been shown to induce band broadening.29, 30 Due to the
shorter analysis time and lower viscosity that permitted less complicated matrix
replacement, 0.75% MC was chosen for further sample analysis.
Mutation Discrimination
Using the established conditions for high efficiency microdevice separation of
dsDNAs in the expected range of the fragments produced in the HDA application, the
mutations were analyzed using 0.75% MC with YOPRO1 staining and 1% PVP. The
more difficult YE67 sample was analyzed using 0.75% MC and compared to a similar
capillary analysis using 0.3% MC (Figure 3. 10). The microdevice analysis resulted in
an average efficiency of the heteroduplexes of 2.3 x 106 plates/m and a resolution
between heteroduplexes of 3.4 comparable to that obtained in the capillary analysis (N
= 1.9 x 106, R = 2.4).

CONCLUSIONS
An efficient CE-based HDA-UHG method was developed for the detection of
single-base pair substitutions in PCR-amplified gene fragments. By exploring the use of
staining dyes, entangled polymer sieving matrices and detection schemes, it was
possible to identify point mutations in the RRDR of rpoB of Mtb, which give rise to the
rifampin resistance phenotype. Of the various methods evaluated, use of 0.3% MC as a
polymer network and YOPRO1 staining with LIF detection appears to be optimal for this
HDA application.
The 0.3% MC entangled polymer solution yielded good separation performance
and had low viscosity that allowed it to be easily replaced in the capilla ry, thus
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Figure 3. 9. Microdevice matrix comparison. A) 50 cm LPA coated capillary, 0.3% MC;
B) 9.5 cm PMMA microdevice, 1.5% HMPC; and C) 9.5 cm PMMA microdevice, 0.75%
MC. One µM YOPRO1 staining and 1% PVP were added to each separation matrix.
Electrophoretic conditions were as described in text.
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Figure 3. 10. Capillary and microdevice comparison for mutation discrimination using
sample YE67. A) 50 cm LPA coated capillary, 0.3% MC and B) 9.5 cm PMMA
microdevice, 0.75% MC. Electrophoretic conditions were as described in text.
permitting regeneration of the capillary and ease in operation.

Additionally, the

YOPRO1 staining dye gave the best resolution for the Rmp-s and Rmp-r
heteroduplexes. In this application, the LPA coating appears to be suitable; however
the effects of the silanizing reagent used for the LPA coating of the capillary were not
investigated in this report nor were alternative polymeric coatings, variables shown to
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have surprisingly profound effects on the capillary electrophoretic separation in other
HDA techniques.4 It has also been speculated that high salt concentrations in PCR
products deteriorate LPA coated capillaries.31

Diminished lifetimes of the LPA coated

capillary were not noted in this application, possibly because of the dilutions of the PCR
products required during heteroduplex formation.
The CE-based HDA-UHG substantially reduced the time required for analysis for
Mtb and rifampin susceptibility using slab gel analysis from 2.5 hours to 30 min. It is
highly amenable to automation and significantly reduces the amounts of reagents
required and, consequentially, reduces the cost of the assay. Additionally, use of the
UHG allowed improved discrimination of single-base substitutions over other methods
reported. These improvements in the speed and throughput for heteroduplex analysis
of genetic mutations may be of value for clinical applications.
A rapid microdevice method was also developed which was able to decrease
analysis time to 6 minutes without loss in resolution or efficiency.

In this format,

polymer concentration was increased to 0.75% MC, which was effective for the HDA
application.

The contribution of turns in the microchannel was assumed negligible

considering the high efficiency of the analysis.

This demonstration of the HDA

application in the microdevice format gives promise to portable, modular microdevices,
which may be of value to on-site analysis.
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CHAPTER 4 - LIGASE DETECTION REACTION FOR COLORECTAL CANCER
INTRODUCTION
Codons 12, 13 and 61 – Biochemical Markers
Electrophoresis is often utilized for the diagnosis of presymptomatic disease
states, such as in early detection of cancers, which can arise from the accumulation of
mutations that may be inherited or somatic, caused either from exposure to
environmental factors or from malfunctions in DNA replication or repair machinery.
One specific example is early detection of colorectal cancer based upon the
identification of point mutations in the human K-ras gene.

These single base-

substitutions are primarily located at two bases in codon 12, but also to a lesser degree
at two bases in codons 13 and three bases in codon 61 (see Figure 4.1). These
mutations are found in 35 – 50% of colorectal adenomas and cancers and occur early in
the development of colorectal neoplasms.1-4

Figure 4.1. K-ras markers for colorectal cancer.
Once acquired, the mutations are preserved throughout cancer development and
thus, have great utility for diagnostic testing.
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However, primary tumors contain a

majority of wild type stroma, which makes detection of low abundant mutations difficult.
Therefore, improvement in the efficiency of diagnosis and treatment of cancer patients
at the early and curable stage depends on rapid and accurate high throughput
identification of low abundance mutations in multiple codons in numerous genes. K-ras
mutations may be detected in the primary tumor by direct DNA sequencing, allele
specific oligonucleotide hybridization or restriction digest techniques.5-8

Other

researchers have used high sensitivity techniques such as phage cloning, allele-specific
PCR or repetitive restriction digests to detect K-ras mutations in stool or lymph nodes of
cancer patients as indicators of early disease or micrometastases.9-15

These

techniques have limitations of either low sensitivity (DNA sequencing) or the inability to
detect the full spectrum of K-ras mutations (restriction digests, allele-specific PCR).
Furthermore, allele-specific amplification techniques are prone to false positive signals
from minute contamination or from the introduction of point mutations by polymerase
errors during PCR amplification.
Ligase Detection Reaction
A slab gel based assay has been reported for detection of the mutations
associated with colorectal cancer using ligase detection reaction (LDR),16 a method that
simultaneously amplifies DNA and identifies single base mutations.17 LDR is based on
the ligation of two adjacent synthetic oligonucleotide primers (a common and
discriminating primer), which are specifically hybridized to one strand of the target DNA,
as shown in Figure 2.12.

The junction of these primers is selected so that the

nucleotide at the 3’ end of the discriminating primer coincides with a pote ntial single
base mutation in the targeted sequence.

The adjoining discriminating and common

primers are covalently joined to form an LDR product by a thermostable ligase only if
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the target nucleotide at the site is complementary to the 3’ end of the discriminating
primer.
The process was multiplexed to screen for several point mutations using spatial
identification by varying the size (in base numbers) of the discriminating primer, as
shown in Figure 4.2.16 Generation of an LDR product indicates the presence of a
mutation while the length of the LDR product designates which mutation is present. The
wild type sequence contains a cytosine (C) at position 12.2 of the 5’ to 3’ strand, which
codes for the amino acid glycine during translation. Possible mutations at this site, the
resulting mutant amino acid and their respective abbreviations are adenine (A) / valine
(V), guanine (G) / alanine (A) and thymine (T) / aspartic acid (D).

Thus, a G12V

mutation corresponds to a glycine to valine change at codon 12 (resulting from a base
substitution of G with A) and results in the generation of a 46 base LDR product.
Using two discriminating primers and one common primer, the slab based assay
was able to detect one mutation in 4000 wild type sequences at a 9:1 signal-to-noise
ratio when separated using slab gel electrophoresis. Using the eight-primer set (six
discriminating primers and two common primers) designed to detect two possible
mutations in codon 12, the assay was able to detect one mutation in 1000 wild type
sequences at a signal to noise ratio of 3:1. The same mutation was detected in 500
wild type sequences using the entire 26 primer set (19 discriminating primers and 7
common primers) designed to probe for all 19 possible mutations at codons 12, 13 and
61.
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Figure 4.2. Codon 12 of Exon 1 of the human K-ras gene and LDR primers used for
mutation discrimination at site 12.2. Discriminating primers are fluorescein labeled on
the 5’ end. The length of the and corresponding amino acid abbreviations are indicated.
V = valine, A = alanine, D = aspartic acid.
Challenges
Several points must be considered in the development of capillary and
microdevice methods for LDR analyses. In the standard LDR assay, an excess of LDR
primer over template ensures efficient hybridization and ligation; however, when
combining LDR primers for a multiplexed assay for detection of all possible mutations in
multiple codons, discriminating and common primers as well as the complementary
template strand compete for hybridization to the target DNA.

Thus, the ratio of

discriminating primer and target DNA must be optimized for the generation of LDR
product. The electrophoretic method must be able to resolve the LDR product from this
excess of discriminating primer with single -base resolution in the size range of the LDR
product.
Capillary methods have potential in this application to provide an electrophoretic
platform for rapid analysis and use of a variety of separation matrices, which may
improve resolution of ssDNAs. However, a concern for adopting this method to the
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capillary format is well-characterized injection bias for high mobility species, such as
short primers and salts, and high concentration species, conditions that are
encountered in LDR generated samples.18 These biases have the potential to severely
limit loading of longer DNAs or low concentration species. The microdevice format also
has potential in rapid analysis as well as reduced consumption of reagents and cost,
issues that are important for screening applications.19 The microdevice format has been
shown in other ssDNA applications to provide representative loading of all fragment
sizes through volume-based injections that introduced an even distribution of all species
present in the sample.20

However, these devices also contain shorter separation

lengths that have the potential to limit resolution.
Research Focus
Using a K-ras mutation in codon 12 as a genetic model, capillary and
microdevice methods were developed in order to demonstrate improved analysis of Kras mutations. Three ssDNA separation matrices in the capillary format and two in
microdevice format were evaluated in a modeling study using synthetic dye -labeled
primers for their ability to detect low abundant LDR products in an excess of
discriminating primer. Using the optimized conditions and separation matrices in both
electrophoretic formats, PCR products generated from cell lines of known K-ras
genotype were used as template for LDR to detect single mutations in codons 12.

EXPERIMENTAL DETAILS
Instrumentation
Electrophoretic separations with UV detection at 254-nm were performed on a
commercially available capillary-based electrophoresis system, the Beckman P/ACE
System 5510 (Beckman Instruments, Fullerton, CA). Data acquisition was performed
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using the Beckman P/ACE software. Separations using LIF detection at 520-nm were
performed using the Beckman P/ACE CE fitted with a LIF module containing an Argon
ion laser (ëex = 488 nm) and a 520 nm emission filter placed in front of the
photomultiplier tube.
Capillaries and Sieving Matrices
µPAGE-5 (5%T, 5%C) Capillary
µPAGE-5 (5%T, 5%C) polyacrylamide gel-filled capillaries (referred to herein as
5T5C) and buffer were purchased from Agilent Technologies (Palo Alto, CA). Total
capillary length was 56 cm, while the effective capillary length was 50 cm; however this
length varied slightly from analysis to analysis due to constant clipping of the inlet of the
capillary where bubble formation often occurs.

The optimized electric field strength

was 250 V at 25 °C. A water pre-injection of 10 s at 10 kV was used to increase sample
loading. Typical injection times ranged from 10 s to several minutes as indicated.
eCap ssDNA 100-R
The eCap ssDNA 100-R Gel (herein referred to as eCap), buffer and neutrally
coated capillary (75 µm i.d.) were purchased from Beckman Coulter (Fullerton, CA).
Optimized separation conditions were 308 V/cm at 30 °C. The matrix was replaced in
the capillary (30 cm effective length, 36 cm total length) at approximately 800 psi using
a pressure vessel designed in-house.
POP5 and POP6 Performance Optimized Polymers
POP5 and POP6 Performance Optimized Polymers (herein referred to as POP5
and POP6) and buffer were obtained from PE Biosystems (Foster City, PA).

The

optimized run voltage was 12 kV while the capillary temperature was controlled at 50
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°C. A bare silica capillary (75 µm i.d., 50 cm effective length, 56 cm total length) was
filled under approximately 1000 psi before each analysis.
Microdevice Electrophoresis
Microdevice Fabrication and Device Assembly
The microdevice consisted of a 10 cm separation channel with 0.5 cm side
channels to the sample and waste wells, as shown in Figure 3.3. The microchannel
was hot-embossed in poly (methyl methacrylate) (PMMA) (MSC, Melville, NY) using a
mold master containing microstructures 50 µm tall and 20 µm wide that were produced
by a LIGA process as described elsewhere.21 The final device was assembled by
annealing a PMMA cover plate to the open face of the device at 109 °C in a circulating
air oven for 15 min.
Instrumentation
The LIF microdevice detection system was constructed in-house with an
epiluminescence configuration, as shown in Figure 3.4. The system consisted of a 488
nm air-cooled, argon ion laser (Omnichrome, Model 532), which was directed using a
multimode fiber optic and a dichroic mirror, then focused using a 16x microscope
objective (Melles Griot) onto the microdevice positioned on an X-Y-Z translational stage
in order to position the microchannel with respect to the laser beam.
The fluorescence emission was filtered though a stack of optical filters and
focused onto a single photon avalanche diode (SPAD, Model SPCM-AQ-141, EG&G
Optoelectronics Canada, Vaudreuil, Canada). The filter stack consisted of a 520 nm
bandpass filter (Oriel, Stratford, CT) and a 520 nm long-pass filter (Edmund Scientific,
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Barrington, NJ). The LIF signals were acquired on a personal computer using a 16-bit
counter/timer board (Model AT-MIO-16XE-50, National Instruments, Austin, TX).
Electrophoretic Switch box
Labview software and an electrophoretic “switch box” constructed in-house were
used to control voltages during electrophoresis.

A schematic representation of the

device is shown in Figure 4.1 and the functionality of the four channels controlled by the
device is listed in Table 4.1. The device included three internal high voltage power
supplies (EMCO, Sutter Creek, CA) capable of receiving input of 0 or +5 V from the
DAC (digital to analog converter) outputs of the PCI-MIO-16XE-50 board and delivering
0 to +2 kV to wells (A) and (B) (EMCO Model C20); and +0.3 to +5 kV to well (D)
(EMCO Model G50). On channel (A), an inverter and a two input AND gate were used
as a physical switch to prevent high voltage application and grounding simultaneously.
If a positive (on) signal is received from the “A - TTL (transistor-transistor logic)
Connect” channel and a positive (on) signal is received from “A - TTL Ground” channel,
the inverter converts the positive signal received on the connect channel to 0 and
multiplies it times the positive signal received on the ground channel, resulting in no
action in the (A1) relay, which is open by default. Only if the two input AND gate
receives a positive signal from the ground channel and a positive signal from the
connect channel (the original input to the inverter is 0) will result in the switch in relay
(A1) being closed and channel (A) grounded.
On channel (D), another relay was used to switch the channel between floating
and high voltage application. Voltage is only applied to channel (D) if a +5 V signal is
received on the D – TTL Connect channel to close the relay. Channel (C) remains
floating unless a +5 V signal is received on the C- TTL Ground channel.
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During injection, a positive voltage was applied to the waste well (B) (see Figure
3.3) while the sample well (A) was grounded. During separation, a positive voltage was
applied to well (D), (C) was grounded and “pullback voltages” were applied as indicated
to the sample (A) and waste wells (B), to prevent diffusion of extraneous material into
the separation channel.
Table 4.1. Electrode functionality using microdevice switch box.
Channel
A
B
C
D

Functionality
Ground / High Voltage (0 to +2 kv)
High Voltage (0 - 2 kV)
Float / Ground
Float / High Voltage (0.3 to + kv)

The microdevice was first manually filled with the POP5 separation matrix. Then,
the injection zone and side channels were flushed with POP5 buffer. The buffer was
removed from the sample well and filled with sample just prior to analysis. Injection and
separation conditions were typically 5 s at 500 V and 3.5 kV, respectively and pullback
voltages on the sample and waste wells were 500 and 300 V, respectively, unless
otherwise stated.
Samples
Modeling Primers and Size Standard
All primers used in this work were obtained from Integrated DNA Technologies
(IDT, Coralville, IA) with PAGE purification and fluorescein labeling of the discriminating
primers at the 5’ end.

The fragments used as models were constructed to mimic

common and discriminating primers as well as LDR products and consisted of 25, 44
and 51 mer fragments of random sequence.
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Figure 4.3. Schematic representation of the microdevice switch box used to control electrophoresis. Figures are as
identified in figure key in lower right corner and as described in text.
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Using the 25 base primer to represent the excess discriminating primer required
for LDR, samples representing 1:10, 1:100 and 1:100 molar ratios of LDR product to
discriminating primer were prepared. In each sample, the discriminating primer was 1
µM. In 1:10, 1:100 and 1:1000 modeling samples the 44 and 51 mer LDR products
were 100 nM, 10 nm and 1 nM, respectively. A ssDNA size ladder (ssDNA 25-30,40-60 from
Agilent (Palo Alto, CA)) was used for size comparison.
LDR Primers
Primers used in LDR were also purchased from IDT with fluorescein labeling on
the 5’ end.

LDR primers were designed for spatial identification of single base

substitutions at codon 12.2 by altering the length of each primer as shown in Figure 4.2.
When analyzing the G12V mutant, the discriminating primer for G12D was included in
order to monitor commonly observed misligation of the discriminating primer used to
detect the G12D genotype, representing a C:A mismatch, on wild type DNA. The threeprimer set consisted of two discriminating primers and one common primer as shown in
Table 4.2.
DNA Extraction from Cell Lines
PCR products were received from Cornell University.

PCR products were

amplified from genomic DNA that was extracted from cell lines of known K-ras genotype
(HT29, wild type; G12V).16 Cell lines were grown in RPMI culture media with 10%
bovine serum. Harvested cells (~1 x 107) were resuspended in DNA extraction buffer
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, pH8) containing 0.5% SDS and
200 ìg/mL proteinase K and incubated at 37 ºC for 4 hours. Thirty-percent (v/v) of 6 M
NaCl was added to the mixture and the samples centrifuged. DNA was precipitated
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from the supernatant with 3 volumes EtOH, washed with 70% EtOH and resuspended in
TE buffer (10 mM Tris-HCl, pH 7.2, 2 mM EDTA, pH 8.0).
PCR Conditions
PCR amplifications were carried out in 50 ìL in 10 mM Tris-HCl buffer pH 8.3
containing 10 mM KCl, 4.0 mM MgCl2 , 250 ìM dNTPs, 1 ìM forward and reverse
primers (50 pmol of each primer), and between 1 and 50 ng of genomic DNA extracted
from cell lines. The set of primers used were: Ex.1.3 forward = 5’ AAC CTT ATG TGT
GAC ATG TTC TAA TAT AGT CAC 3’; Ex.1.4 reverse = 5’ AAA ATG GTC AGA GAA
ACC TTT ATC TGT ATC 3’; Ex.2.9 forward = 5’ TCA GGA TTC CTA CAG GAA GCA
AGT AGT 3’ and Ex.2.11 reverse = 5’ ATA CAC AAA GAA AGC CCT CCC CA 3’. After
a 10 min denaturation step, 1.5 units of Amplitaq DNA polymerase (Perkin Elmer,
Norwalk, CT) was added under hot start conditions, and amplification achieved by
thermally cycling for 35 or 40 cycles of 95 ºC for 30 s, 60 ºC for 1 min, 72 ºC for 1 min
and 72 ºC for 3 min during a final extension. PCR products were stored at –20 ºC.
LDR Conditions
LDR reaction conditions were similar to those published elsewhere.16 Briefly, the
PCR products were used as genomic template for the ligase reaction. The appropriate
ratio of wild type to mutant sequence was added to a solution containing 1x Tth ligase
buffer (10 mM Tris-HCl (ph 7.6), 10 mM MgCl2, 0.1 M KCl and 20 ìg/mL bovine serum
albumin), 10 mM DTT, 1.25 mM NAD+ (nicotinic adenine dinucleotide, a cofactor for
ligase enzyme) and 500 nM of each discriminating primer for a total volume of 20 µL.
The mixture was heated at 94 °C for 1.5 min prior to adding 1 nM Tth DNA ligase (also
received from Cornell University). LDR reactions were thermally cycled 20 times at 94
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°C for 15 s and 65 °C for 4 min. Reactions were stopped by adding 0.5 µL of 0.5 mM
EDTA and chilling in an ethanol-dry ice bath.
Table 4.2. LDR discriminating and common primers. Primer size and sequence are
indicated. * = common primer.
Primers

Size

Sequence

Fluor-K-ras c12.2V

26

5’ Fluor-CAA AAA CTT GTG GTA GTT GGA GCT GT 3’

Fluor-K-ras c12.2A

25

5’ Fluor-CAA AAC TTG TGG TAG TTG GAG CTG C 3’

Fluor-K-ras c12.2D

24

5’ Fluor-AAA ACT TGT GGT AGT TGG AGC TGA 3’

K-ras c12 Com-2*

20

5’ pTGG CGT AGG CAA GAG TGC CT 3’

RESULTS AND DISCUSSION
ssDNA Separation Using Capillary Analysis
Using UV absorbance detection and a commercial electrophoresis instrument the
separation of a ssDNA ladder containing fragments in the size range expected for LDR
products (25 to 60 bases) was optimized in POP5 and POP6 matrices and compared to
results obtained using the 5T5C capillary.

POP5 and POP6 were evaluated at 30 and

50 cm effective capillary lengths and at 15, 25 and 50 °C. The effective length of the
5T5C capillary was 50 cm. All capillaries had inner diameters of 75 µm.
Separation using the 5T5C capillary at 25 °C resulted in baseline resolution of all
fragments in less than 32 minutes Figure 4.4 (A).

The 5T5C capillary contains a

crosslinked polyacrylamide known to provide single base resolution in ssDNAs at this
size range.22 However, the crosslinked polyacrylamide is covalently bonded to the
capillary wall and thus cannot be replaced in the case of bubble formation or column
deterioration. POP5 and POP6 matrices contain entangled polymers that are able to be
replaced in the capillary and were therefore evaluated for this application. Optimized
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conditions for POP6 resulti ng in resolution of all peaks required analysis times of longer
than 1.5 hours at 25 °C (see Figure 4.4 (B)). At 25 °C, the POP5 matrix provided partial
resolution of smaller fragments (25 – 30 bases) but resolution deteriorated with
fragment length as shown in Figure 4.4 (C). When the separation temperature was
increased to 50 °C, analysis time was reduced and resolution between fragments
increased (data not shown). Manufacturer supplied information indicates POP6 is more
appropriate for separation of longer DNA fragments as is important for longer read
lengths in sequencing applications. In consideration of the analysis time required to
achieve single-base resolution in the 25 – 60 base size range was not included in
further studies.
Capillary Analysis of Modeling Samples
Modeling samples were made using synthetically generated DNA fragments
labeled on the 5’ end with fluorescein to mimic molar ratios of excess discriminating
primers in relation to fragments simulating LDR products. The fluor-K-ras c12.2A (25
bp) was used in 10, 100 and 1,000 times excess of fragments mimicking LDR products
to simulate the presence of excess discriminating primer at the ratios expected in
samples generated using LDR for low abundant mutations.

Using typical LDR

conditions, a sample consisting of one mutation for every 20 wild type sequences
contains 100 fmol of mutant template. Using three discriminating primers (500 fmol
each – 1500 fmol total) and 20 thermocycles, the enzymatic reaction can potentially
yield 500 fmol of LDR product if 100% ligase efficiency is achieved under optimal
conditions. Considering that 500 fmol of discriminating primer are consumed in the
reaction, this results in a 1:2 ratio of LDR product to discriminating primer (500 fmol
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Figure 4.4. Separation of a ssDNA ladder using 5T5C capillary and POP5 and POP6
matrices at 25 °C. Effective lengths were 50 cm.
LDR product:1000 fmol discriminating primer).

In a 1:1000 (mutation in wild type)

sample, LDR should result in a 1:100 molar excess of discriminating primer, again only
if 100% ligase efficiency is assumed. If the ligation efficiency is compromised, the ratio
of discriminating primer to product is much higher.
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Modeling samples were analyzed under optimized conditions using the 5T5C
capillary, the POP5 separation matrix and the eCap matrix, another entangled polymer
available for ssDNA separations in this size range. Sample electropherograms are
shown for the 1:100 model in all three matrices while the 1:1000 model is shown in only
the 5T5C matrix. Efficiencies were calculated for the 25 mer discriminating primer as
well as the 44 and 51 mer LDR products. Resolution was calculated between the
discriminating primer and the 44 base products, as well as between the 44 and 51 base
products. (See Table 4.3.)
5T5C Analysis
Using the 5T5C capillary, injection times were 20 s, 45 s and 75 s for the 1:10,
1:100 and 1:1000 modeling samples, respectively. Longer injections were required to
load decreasing amounts of the 44 and 51 fragments.

Baseline separation of all

fragments was achieved in less than 45 minutes as shown in Figure 4.5 for the 1:100
sample and in Figure 4.6 for the 1:1000 modeling sample. In some cases efficiencies
were better than 1 x 106 but in no case was it less than 1 x 105.
Surprisingly, resolution increased with decreasing concentration of LDR product;
however, poor peak shape may skew these results. The injection plug of the 25 base
fragment was exceedingly large due to the longer injection. As a result, a very wide
peak is observed for the 25 base fragment and small concentrations of impurities in the
dye-labeled primer become evident.
In the 1:1000 sample, the peak height of the 51 base fragment decreased in
relation to the 44 base fragment of the same concentration; however, in the 1:100
sample, the 51 base fragment exhibited slightly higher peak height. This illustrates
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more severe injection bias encountered in solutions of greater concentration differences
as described in the concentration dependence of the transference number.23
Migration times were not consisted among different dilutions of the modeling
samples as seen in Figure 4.5 and Figure 4.6. The 44 base product migrated at 37
minutes in the 1:100 sample while the same fragment migrated at 40 minutes in the
1:1000 sample. Another contribution to the inconsistent migration times is inlet clipping
necessary for cross-linked columns from analysis to analysis.
Another difficulty encountered was the rate of column deterioration, which
appeared to be a result of longer injection times.
stringently stored and equilibrated before use.

Cross-linked capillaries must be
Manufacturer supplied information

reported lifetimes are 20+ hours when used properly with “clean samples”.
eCap Analysis
Analysis using the eCap gel provided resolution of all fragments in less than 30
minutes. Five analyses were performed without loss in efficiency or resolution before
matrix replacement was required. LDR products were well resolved in the 1:10 and
1:100 modeling samples (R = 7.4 and 4.6, respectively), and discrimination was
possible from the excess primer as shown in Figure 4.7. The average efficiency of the
LDR products was 6.70 x 105 plates/m.
The peak height of the 51 base product is less than that of the 44 base product,
opposite to results obtained for the same sample analyzed using the 5T5C capillary.
This indicates more severe injection biases in the eCap matrix as compared to the
5T5C capillary.
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Table 4.3. Results from modeling sample analysis using 5T5C, eCap and POP5
matrices. Efficiency is calculated for 44 and 51 base fragments. Resolution is
calculated between the discriminating primer and the 44 base product as well as
between LDR model fragments.
N (x 10E6) (plates/m)

R

5T5C

Disc

LDR 44 LDR 51 Disc/44 LDR 44/51

1:10

0.17

2.05

2.04

15.64

17.03

1:100

0.35

0.70

1.04

16.29

11.06

1:1000

0.54

0.92

1.78

18.04

17.05

eCap

Disc

1:10

0.58

0.59

1.10

18.78

7.40

1:100

0.55

0.56

0.43

13.06

4.56

POP5

Disc

1:10

0.08

0.10

0.14

5.44

1.87

1:100

0.13

0.73

1.08

9.46

5.57

LDR 44 LDR 51 Disc/44 LDR 44/51

LDR 44 LDR 51 Disc/44 LDR 44/51

The transference number describes the situation just before ions enter the
capillary but since the capillary contains a sieving matrix, a change in the transference
number results from a change in the mobilities of most ions, especially longer DNAs.
Thus, the change in the transference number is matrix dependent and varied biases are
experienced from matrix to matrix. Coupled with a large concentration difference in the
discriminating primer and LDR models, injection biases were severe enough to prevent
sufficient loading of the LDR products in the 1:1000 sample, despite injections up to 5
minutes. This is surprising considering the larger pore sizes and less viscous nature of
entangled polymer gels compared to crosslinked polyacrylamides.
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Figure 4.5. 5T5C analysis of 1:100 modeling sample. The capillary was 56 cm in length
(50 cm effective length) and maintained at 25 ºC. The run voltage was 12 kV and the
sample was injected for 20 s at 10 kV.
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Figure 4.6. 5T5C analysis of 1:1000 modeling sample. All electrophoretic conditions
are as listed in the legend for Figure 4.5 except the sample was injected for 75 s.
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Figure 4.7. eCAP analysis of 1:100 modeling sample. The neutrally coated capillary
was 36 cm in length (30 cm effective length) and the run voltage was 11.1 kV with the
capillary maintained at 30 ºC. Electrokinetic injection was 10 s at 10 kV.
POP5 Analysis
Analysis using the POP5 separation matrix was also able to discriminate
between LDR product and discriminating primer at the 1:10 and 1:100 (Figure 4.8)
molar ratios. Severe loss in resolution and efficiency resulted in subsequent injections if
the matrix was not replaced; thus, the gel was replaced prior to each analysis. Injection
times were 5 and 45 s, respectively for these samples, while injections of up to 5
minutes were again subject to severe injection biases that prevented analysis of the
1:1000 sample.
Capillary Analysis of PCR/LDR Samples
Considering the injection biases found in injecting high molar ratio modeling
samples on eCap and POP5 separation matrices, LDR samples were analyzed using
the 5T5C capillary as shown in Figure 4.9 (1:20 G12V) and Figure 4.10 (1:100 G12V).
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Figure 4.8. POP5 analysis of 1:100 modeling sample. The bare silica capillary was 56
cm in length (50 cm effective length) and the run voltage was 14 kV. The capillary was
maintained at 50 ºC and the sample was injected for 45 s at 10 kV.
The injection for the 1:20 sample was 40 s while the time was increased to 90 s
in the 1:100 analysis. With decreasing amount of mutant template, resolution between
the LDR product and discriminating primer decreases resulting from increased loading
of the discriminating primer due to longer injection. The efficiency of the 46 mer LDR
product in the 1:20 sample was 5.19 x 106 plates/m. The efficiency of the product in
1:100 sample was not calculated due to poor peak shape. An LDR sample containing
no template was analyzed as a negative control using the 5T5C capillary, shown in
Figure 4.11. Again, inconsistent mobilities were observed.
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Figure 4.9. G12V 1:20 (mutation in wild type) LDR sample. Electrophoretic conditions
were the same as in the legend for Figure 4.5 except injection was for 40 s.
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Figure 4.10. G12V 1:100 (mutation in wild type) LDR sample. Electrophoretic
conditions were the same as in the legend for Figure 4.5, except injection was for 90 s.
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Figure 4.11. LDR blank consisting of discriminating primers for codon 12 subjected to
LDR in absence of template. Electrophoretic conditions were as listed in the legend for
Figure 4.5 except the sample was injected for 90 s.
Microdevice Analysis of Modeling Samples
Optimization of Electrophoretic Conditions
POP5 and eCap matrices proved inappropriate for the detection of low abundant
mutations using LDR in the capillary format due to severe injection biases encountered
in high molar ratios of discriminating primer to LDR product. These injection biases are
eliminated in the microdevice format by incorporating cross injectors that provide
volume-based injections. Considering the complication of polymerizing acrylamide in
situ, POP5 was selected for initial microdevice experiments.
Before the analysis of LDR samples, electrophoretic control of the microdevice
separation was optimized, including injection conditions and pullback voltages, using
the POP5 separation matrix.

An analysis of a mixture of 25 and 51 base primer

performed with no pullback voltages is shown in Figure 4.12. The total channel length
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was 10 cm; however, the detection zone was positioned before the first microchannel
turn at 3.5 cm. In this analysis, severe tailing is observed due to extraneous material
leaking from the sample and waste wells. Application of pullback voltages of 500 and
200 V to the sample and waste wells, respectively, served to eliminate this tailing (data
not shown).
Optimization of injection conditions was necessary to prevent band broadening
evident in the form of tailing.

It was found that injections of less tha n 5 s were

insufficient in filling the injection cross while injections of longer than 5 s resulted in
band broadening, possibly due to extraneous material diffusing into the separation
channel during injection (data not shown).
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Figure 4.12. Microdevice analysis of a mixture of 25 and 51 mer primers in POP5. The
sample was injected for 5 s at 0.5 kV and electrophoresed at 2.0 kV with no pullback
voltages. The effective column length was 3.5 cm (to tal length 11 cm).
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Injections at 0.5 kV appeared to be appropriate while injections at higher voltage
provided no results, possibly due to bubble formation in the separation and waste
channels.
Using these optimized injection conditions and pullback voltages of 500 V and
300 V for the sample and waste wells, respectively, an effective separation length of at
3.5 cm provided poor resolution in the separation of 25 and 44 base primers as shown
in Figure 4.13 as expected considering the dependence of resolution on separation
channel length (see Equation 1.26).

Increasing the effective separation length by

positioning the detection zone at a point farther along the separation channel (9 cm)
provided higher plate numbers (N = 1.51 x 106 and 1.67x 106, for the 25 and 44 base
primers, respectively, R = 10.08) as shown in Figure 4.14.
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Figure 4.13. Microdevice Analysis of 25 and 51 mer primers in POP5. The sample
was injected for 5 s at 0.5 kV and electrophoresed at 3.0 kV using pullback voltages of
600 and 200 V in the sample and waste wells, respectively. The effective column length
was 9.5 cm (total length 11 cm).
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CONCLUSIONS
Three ssDNA separation matrices for capillary electrophoresis were evaluated for
the detection of low abundant mutations using LDR. The eCap and POP5 matrices
provided detection of LDR products in a modeling study at 1:10 and 1:100 molar ratios
of LDR product to discriminating primer with sufficient resolution in less than 30 min.
The eCap matrix required a neutrally coated capillary but provided five analyses before
matrix replacement was necessary.

The POP5 gel provided dynamic coating of the

capillary that permitted use of bare silica capillaries with no pretreatment necessary, but
required matrix replacement prior to each analysis.
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Figure 4.14.
Microdevice analysis of 1:100 modeling sample using POP5.
Electrophoretic conditions as listed in the legend of Figure 4.13.
Both matrices were of sufficient viscosity to require off-line matrix replacement
using pressurized equipment. Most commercial capillary electrophoresis instruments
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are unable to provide the high pressures (> 500 psi) required for matrix replacement
using these gels.
While these matrices provided baseline resolution and high efficiency
separations of a ssDNA size ladder containi ng fragments from 25 to 60 bases and LDR
modeling samples of low molar excess of discriminating primer, these matrices suffer
from severe injection biases and appear inadequate for the detection of samples
containing a 1000 fold molar excess of discriminating primer. Under the conditions
listed here, sufficient loading of the LDR products was not possible.
The 5T5C crosslinked capillary provided analysis of molar ratios up to 1:1000 of
LDR product in discriminating primer with similar resolution and efficiency as the eCap
and POP5 matrices; however, increased column deterioration resulted from unusually
long injections required to sufficiently load LDR products. The covalent bonding of the
polyacrylamide to the capillary wall prevents matrix replacement and considering the
cost of commercial capillaries and the difficulty of preparing them in-house, these
capillaries also appear inadequate for the LDR application.
Microdevice electrophoresis holds great potential in providing a rapid analysis of
LDR products.

In sequencing applications, the volume based injection of the

microdevice format has been shown to provide representative loading of all fragments
where electrokinetic injection in capillary methods are subject to biases toward high
mobility fragments and salts.20

Initial microdevice separations using the POP5

separation matrix were favorable in providing high efficiency separations of adequate
resolution in the size range of interest.
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CHAPTER 5 – CONCLUSIONS AND FUTURE WORK
DNA analysis has traditionally been performed by slab gel electrophoresis, a
well-established, very effective and reliable method but also inherently slow and labor
intensive. The traditional slab gel format is quickly being replaced by capillary and
microdevice electrophoretic tools, which offer improvements in cost, resolution, speed,
quantitation and automation.

The motivation for this research was to demonstrate

capillary and microdevice tools for the detection of genetic mutations using different
detection strategies in two genetic models.
The theory of electrophoresis was discussed in Chapter 1as it developed from
the traditional slab gel format to the capillary and microdevice platforms. The analytical
parameters affecting electrophoretic separations was discussed in terms of band
broadening in capillary zone electrophoresis and then expanded to DNA separations
involving sieving matrices. The important aspects of this theory include the improved
dissipation of Joule heating in the capillary and microdevice formats that permit higher
electric fields and substantial theoretical plate numbers. This also translates into rapid
analyses without loss in efficiency or resolution and reduced cost due to reduced
reagent consumption.
Microdevice analyses for DNA separations were introduced, including substrates
available for device fabrication, fabrication methods, multiplexed designs and modular
applications.

The advantages of microdevice analysis were presented including

volume-based injections free from injection biases commonly encountered in capillary
electrophoresis, faster analyses, reduced consumption of reagents and the potential of
portability.
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Detection

methods

were

discussed,

focusing

mainly

on

laser-induced

fluorescence (LIF) as the preferred choice for DNA applications requiring high sensitivity
(in terms of limits of detection) and selectivity. Since DNA has virtually no fluorescence
in the infrared region of interest, DNA must be labeled using covalent or intercalating
methods.
The technology discussed is being developed and pushed to its theoretical limits
as a major portion of the Human Genome Project, the main objectives of which are to
provide comprehensive knowledge about the genetic composition of humans and
improve medical diagnosis of disease causing mutations.

Sequencing remains the

“gold standard” in identifying mutations; however, the technology remains too
cumbersome and costly to implement for large populations.

In Chapter 2, several

mutation detection strategies were discussed as alternatives. These techniques are
categorized as either mutation specific or mutation scanning and are primarily based
upon the polymerase chain reaction (PCR) or hybridization theories.
In Chapter 3, a mutation scanning method, heteroduplex assay (HDA), was
demonstrated in the capillary and microdevice methods for the determination of
tuberculosis drug susceptibility. A slab gel based analysis was previously established
which had the ability to detect the presence of Mycobacterium tuberculosis (Mtb) with
high specificity and also to determine susceptibility to the antibiotic rifampin.
Heteroduplex assay was used for the detection of a single point mutation in a 193 base
pair region of the rifampin resistance determining region of the rpoB gene of Mtb.
Unfortunately, this analysis required 2.5 hours, post-staining with ethidium bromide and
qualitative assessment by an operator.

This method was adapted to the capillary
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format, which permitted rapid analysis (less than 30 minutes) with high efficiency and
resolution between homoduplexed and heteroduplexed molecules.

The separation

matrix, intercalation dye and detection method was optimized for the quantitative
determination of drug susceptibility with 95% confidence. This capillary method may be
of value in a clinical setting that demands amenability to automation and high
throughput.
A microdevice method was also developed for this application. Both efficiency, in
terms of theoretical plate numbers, and resolution were maintained in a 6-minute
analysis determining antibiotic susceptibility of Mtb strains. It was found that a higher
concentration of entangled polymer was able to compensate for the shorter effective
length of the separation channel. The contribution of band broadening due to turns or
folds in the microdevice was determined to be negligible considering the high efficiency
of the separation. This demonstration establishes that the format is suitable for HDA for
the detection of single base substitutions. This method holds potential for portable
microdevice systems for field analyses.
In another application, single base substitutions in the human K-ras gene were
identified using ligase detection reaction (LDR). A capillary method was explored for
the analysis of the ssDNA products. Three matrices were evaluated for their ability to
detect low abundant mutations in the presence of excess primer molar ratios; however,
Injection biases severely limited the entangled polymer gels in the capillary format.
Additionally, a crosslinked polyacrylamide capillary suffered increased deterioration as a
result of the long injection times required to load low concentration LDR products.
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A microdevice method was also explored for its ability to load all DNA fragments
in the sample with equal efficiency.

Preliminary experiments indicate this format

suitable as an alternative to slab and capillary electrophoresis for the analysis of low
abundant mutations using LDR.

FUTURE WORK
Additional development is required for the microdevice analysis of low abundant
K-ras mutations using LDR.
Microdevice separations are also being performed on polymeric and glass
substrates, using a variety of sieving matrices and a wide range of fabrication methods.
As noted in the HDA application, the polymeric coating, silanizing reagent and
entangled polymer composition all have a significant effect on separation. Polymeric
substrates eliminate the need for passivation of the surface before electrophoretic
separation of DNAs; however, a thorough investigation of the relationship between the
matrix and the substrate is still needed.
Device-to-device reproducibility could be ensured using automated matrix
replacement methods Automated matrix replacement methods are necessary until high
throughput, inexpensive fabrication methods with high reproducibility are implemented
to produce single use devices. Automated methods may be able to eliminate bubble
formations during matrix replacement and prevent cross contamination between
analyses.
Automated microdevice alignment systems should be investigated. Use of an
intercalating dye in the run buffer aids in microdevice alignment with respect to the laser
beam; the low fluorescence of the dye in the running buffer is used to ensure proper
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alignment. ssDNA separations employing covalent bonding of the reporter molecule to
the fragment of interest rely upon visual alignment and less reliable.
In LDR assay, PCR products were used as template; however, genomic material
extracted directly from paraffin-embedded tissue taken from biopsy samples of cancer
patients will be used in future studies. Additionally, codons 13 and 61 will be included in
a multiplexed assay for all 19 possible mutations.
Initial experiments were performed in the capillary format for the modification of
an existing slab gel method using HDA for the determination of the drug susceptibility of
Mycobacterium leprae. This work will also be continued and wild type and universal
heteroduplex generator (UHG) discrimination methods of the HDA will be compared for
the ability to detect the single-base substitutions associated with dapsone resistance in
leprae.

IMPLICATIONS
Improved electrophoretic tools in terms of speed, cost, reliability and efficiency
have the potential to advance the Human Genome Project in relation to a
comprehensive knowledge of human genetics.

New screening methods for genetic

mutations can be implemented across larger populations, diseases can be detected
earlier with more accuracy and DNA-based drug therapies can be developed to combat
disease.

This promise holds considerable implications for medical advances and

improved health care.

156

APPENDIX – LETTER OF PERMISSION

157

VITA
Gloria Ann Thomas was born at Fort Huachuca, Arizona, on December 5, 1974,
the only child born to Gussie Joseph Thomas, a native of New Roads, Louisiana and
Jennie Tong Thomas, a native of Taipei, Taiwan. She was raised by her father and
paternal family and lived in Iran, Panama and Taiwan. She attended high school at
Scotlandville Magnet High School for the Engineering Profession from 1988 to 1992 in
Baton Rouge, Louisiana, during which time she was recognized by the Science and
Engineering Alliance (Washington, D. C.) for her potential in the area of science.
She attended Southern University and A&M College (SU) in Baton Rouge,
Louisiana and received scholarships from the Honors College (SU), Timbuk tu Academy
(SU) and Packard Foundation. During that time, she held two internships at The Upjohn
Company (Kalamazoo, Michigan) and one at the Albemarle Corporation (Baton Rouge,
Louisiana).

She

graduated

cum

laude

with

a

bachelors

degree

in

pre-

medicine/chemistry in December 1996.
Ms. Thomas worked at the Albemarle Corporation before pursuing a doctoral
degree in chemistry at Louisiana State University (Baton Rouge, Louisiana). During
that time, she received a pre-doctoral fellowship from the Louisiana Board of Regents
and a dissertation fellowship from the American Association of University Women.
Her research interests involve microfabricated devices for biological applications.
She currently holds a National Research Council Postdoctoral Fellowship at the
National Institute of Standards and Technology (Gaithersburg, Maryland).

158

